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PREFACE

Soon after its feunding i 1952, the Advisory Group for Aerospace Research and
Development recognized the need for a comprehensive publication on flight test techniques
and the associated instrumentation. Under the direction of the AGARD Flight Test Panel
(now the Flight Mechanics Panel), a Flight Test Manual was published in the years 1954 to
1956. The Manual was divided into four volumes: 1. Performance, II. Stability and Control,
III. Instrumentation Catalog, and IV. Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of sophisti-
cated techniques. In view of this development the Flight Test Instrumentation Group of the
Flight Mechanics Panel was asked in 1968 to uydate Volumes III and IV of the Flight Test
Manual. Upon the advice of the Group, the Panel decided that Volume III would not be
continued and that Volume IV would be replaced by a series of separately published mono-
graphs on selected subjects of flight test instrumentation: The AGARD Flight Test
Instrumentation Series. The first volume of the Series gives a general introduction to the
basic principles of flight test instrumentation engineering and is composed from contributions
by several specialized authors. Each of the other volumes provides a more detailed treatise
by a specialist on a selected instrumentation subject. Mr W.D.Yacc and Mr A.Pool were willing
to accept the responsibility of editing the Series, and Prof.D.Bosman assisted them in editing
the introductory volume. In 1975 Mr K.C.Sanderson succeeded Mr Mace as an editor. AGARD
was fortunate in finding competent editors and authors willing to contribute their knowledge
and to spend considerable time in the preparation of this Series.

It is hoped that this Series will satisfy the existing need f )r specialized documentation
in the field of flight test instrumentation and as such may pro note a better understanding
between the flight test enginee!r and the instrumentation and data processing specialists. Such
understanding is essential for the efficient design and execution of flight test programs.

The efforts of the Flight Test Instrumentation Group membeis (J.Moreau CEV/FR,
H.Bothe DFVLR/GE, J.T.M. van Doom and A.Pool NLR/NE, E.J.Norris A&AEE/UK,
K.C.Sanderson NASA/US) and the assistance of the Flight Mechanics Panel in the prepara-
tion of this Series are greatly appreciated.

F.N.STOLIKER
Member, Flight Mechanics Pane'
Chaitmar., Flight Test
Istrumentation Group

AccOSsion For
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Following the selection of the instrumentation system, a suitable instal-
lation must be developed. Factors that influence this development are the subject
of this voltm.

The material is presented in a progressive manner starting with a review
of the mission profile requirements. Included are such factors as environment,
reliability and maintainability, and system safety.

The assessment of the mission profile is followed by an overview of elec-
trical and mechanical installation factors. The material presonted is primarily
directed at shock/ibration isolation systems and standardisation of the electrical
wiring installation, two factors often overlooked by instrumentation engineers.

A discussion of installation hardware reviews the performance
capabilities of wiring, connector&, fuses and circuit breakers, and so forth.
Information is provided to guide proper selections.

The discussion of the installation is primarily concerned with the elec-
trical wire routing, shield terminations and grounding. Also included are some
ezamles of installation mistakes that could affect system accuracy.

The remaining two sections discuss system verification procedures and
special considerations such as sneak circuits, pyrotechnics, aircraft antenna
patterns, and lightning strikes.
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A area

A1 , V load deterainatioz dimensions

AI current amplifier

AV voltage amplifier

ADF Automatic Direction Finder

AN Aircraft Number (wire gage)

AWO American wire Gage

a wire diameter

ac alternating current

sit altitude

sit a2 load determination dimensions

b basic retio

C1 , C2 distributed capacitance relative to distances r
and r 2

" Ca' Cb stray capacitance to ground

Cc coupling capacitance

Ck coefficient of kinetic friction

C5  coefficient of static friction

CG center of gravity

CH circular mils

CW continuous wave

D wire bundle diameter

D diameter of one strand of a wire

DCC Defense Department Contract

d diameter of a wire

dc direct current

a field intensity

a emissivity

9 induced voltage, volts

Ecr comon-mode voltage

z normal mode voltage

*0 interferew*co voltage

35 signal voltage

Sx interference voltage coupled to adjacent wire

ZZ plum excitation voltage

-Zx negative excitation voltage

mm *electroexplosive device

=I Electromagnetic Interference

no electromotive force



rc the force prosaing the friction surfaces to-
gather

Fe force required to overcome static friction

FCC flat conductor cable

FMC flat flexible cable

f frequency

0 antenna gain

(33 Glide Slope

BF High Frequency

h heat transfor coefficient

x current, amperes

Ica common-mode current

I k force required to move an object with uniform
velocity against friction

I a signal current

I x induced current causing a noise voltage
at R 1

K coupling efficiency

L length

LF low frequency

LOC localizer

A twisted wire pair length

MF Medium Frequency

a air mass flow rate

NOW nominal

n Wire-pair twists per meter

OAS over all shield

P power density

P t power tranamitted

Q heat dissipated

R distance

RI, R 2 signal source resistance to amplifier input
terminal

R % leakage resistance to system ground through
amplifier input terminal

R 0resistance of a conductor at temperature, to

Rt thermal resistance
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lit resistance of a conductor at temperature, t
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Zb impedance of Cb
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a temperature coefficient of resistivity

wavelength

o pitch plane, spherical coordinate system
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p air density
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PRACTICAL ASPECTS OF INSTRUOWITATION

SYSTDI INSTALLATION

Robert W. Borek
Flight Mission operations

NASA Dryden Flight Research Center
Post office box 273
Edwards, California 93523

USA

1.0 GENERAL

Ths volume has been written to preserve experience, share the practi-
cal lessons learned and present information that can be useful in the instal-
lation of aircraft instruiientatian systems.

In order to limit the subject material, certain baseline conditions have
been assumed concerning the data acquisition system.

1. The provram objectives have been established.

2. The instrumentation system has been sc'lected, bench tested and
proven.

3. The transducers for the parameters to be measured have been sel-
ected, tested and proven.

The practical. aspects of instrumentation installation includes a tre-
mendous amount of subject material. Accordingly, a treatise discussing the avail-
able material will probably never be complete. The real value then in an effort
such as this is to discuss those areas of instrumentation installation that are
oftentimes subjects of concern. This information should be particularly valuable
to the novice instrumentation engineer who lacks adequate resources to guide his
installation.

The suggestions and guidelines contained within this volume may be some-
what subjective. Terminology is a good example of an area where a difference of
opinion may exist. one example is the use of the word hardware. For editorial
purposes the accepted use of the word was modified in order to place a broad amount
of material in one section (Section 4.0).

There are no two engineers who are alike, either by educational bick-
ground, professional responsibilities or both. As a result parts of the material
in this volume may be inappropriate for some and deficient for others. There are
some flight test agencies that assign several engineers to one aircraft and con-
versely, other agencies that assign several aircraft to one engineer. In the for-
mer case, the engineer may be limited to responsibilities that involve only the
basic data acquisition system. Regarding the latter case, which is most likely
more common, to assure a quali ty installation the engineer must be concerned with
not only the basic data acquisition system, but all other electricul/electronic
phenomena not assigned to someone else. For example, such phenomena as lightning
and precipitation static, electromagnetic interference, and onboard telemetry an-
tennas are often subjects that require the instrumentation engineer's attention.
(Throughout this volume the terms "engineer" and "instrumentation engineer" will be
used interchangeably).

Practical experience has shown that if problems exist in any of the above
named areas it is usually the instrumentation engineer that gets involved. For
this reason Section 7.0, Special Considerations, was included in this volume to
provide information in these areas. For example, discussions of lightning strikes
and antenna pattern correlation are not readily found -,.n off-the-shelf texts.

The second problem mentioned above was3 the inability to separate and
completely discuss certain subjects. Shielding is a.UCb k subject. Shielding is
multi-faceted and deserves separate attention when discussing transducer instal-
lation1, pyrotechnics and lightning strikes. For example, shielding techniquea used
for protecting aircraft wiring from lightning strikes are different from the tech-
niques used for basic aircraft wiring, yet both requirements must be accommodated
simultaneously. Therefore, discussions of shielding techniques are presented in
the appropriate sections and referenced from other sections where appropriate.

one final comment is necessary. This volume was not written with the
intention of bein!g a design handbook. The guidelines presented are in most cases
given as suggestions. This was done for two reasons. First, each in~strumentation
system is unique and "hat works well for one installation may not work equally zell
for another. Second, the manner in which the material is presented is only meant
to call attention to potential problem areas and not to provide a universal solu-
tion. In short, the instrumentation engineer must carefully think through his bwn
problems using the material in this volume as a guideline whenever applicable.
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2.0 CONCEPTAL DEVELOPMENT OF AN INSTRUMENTATION SYSTEM INSTALLATION

Environment, probably more than any other factor, influences the in-
.. tallation design of systems and subsystems in and on an aircraft. Thinking in
terms of an instrumentatior- subsystem, aircraft environment is quite ofter. the
primary reason for its installation. During the installation design phane, it
simplifies the environmental analysis to separate environments into twr, broad
categories: natural and induced. Environments are generally thought of indi-
vidually. Separating them into two broad categories will assist in isolating
specific design problems. Natural tnvironment consists of the various physical
day-to-day phenomena that are routinely encountered. However, in addition to these
natural environments, aircraft are also subjected to induced environments brought
about strictly by the operation of the aircraft and its subsystems. Typical
examples are elevated internal and external aircraft temperatures due to high Mach
numbers, shock and vibration, and electromagnetic interference due to conductive
coupling.

A well-designed, well-engineered, thoroughly tested, and properly main-
tained instrumentation system should not fail in operation. Experience has shown
that the occurrence of failures cannot be completely eliminated. in specifying
reliability requirements, the cost of assembling an instrumentation system is
weighed against the cost and effects of in-service failures. This is an important
point because with a given reliability designed and built into a system, the aver-
age rate of failures is also built into the system. Reliability and maintain-
ability are characteristics that can be both created and destroyed. Their creation
is a result of careful planning, designing, testing and ultimately using a product
or system according to a set of specified procedures. Their destruction results
from lack of awareness of the procedures used during the assembly of the product or
installation of the system/subsystem. Ref. (81)

The identification and integration of system safety requirements are
vital parts of an effective instrumentation installation in that these requirements
serve as the interface between a safe installation design and its safe operation
and maintenance. Safety requirmments are quite often factored into equipment and
hardware procurement and installation guidelines. Typical examples are equipment
environmental requirements and unit weight and size.

2.1 Environmental Criteria

An engineer must have firm environmental limits from which to work if he
is to design or develop an instrumentation system installation in a practical

* manner. He must know exactly the environments to which each part of the system is
to be exposed so that the completed installation will operate satisfactorily.
special environmental requirements are often derived from the performance char-
acteristics of the aircraft.

2.1.1 General Applications

An environmental analysis for a geea application usualfy is not as
definitive as that for a specific application, but it should include more en-
viroriments because of its broader scope. Therefore, mission profiles of various
types of aircraft must be carefully analyzed to determine environmental require-
ments.

2.1.2 specific Applications

The environmental requirements for a specific aircraft installation will
result in a detailed approach since more information is available to aid in defin-
ing the requirements. For this reason, an environmental analysis for a hypotheti-
cal installation is usually performed. The analysis must include the flight ve-
hicle and its subsystems, equipments and compartments. Wherever the instrumen-
tation is to be installed, it should be designed to function properly even under
conditions which may only occur rarely.

2.1.3 State-of-the-Art Exceptions

In specific cases involving unique aircraft, it may be found that the
state-of-the-art may not allow an installation to be operational over the entire
range of its environment. Under these circumstances there is a tendency to favor
the environmental extremes, e.g. high temperature. This could create a problem
if the vehicle's mission requires low temperature operations. For example, a high
performance aircraft with high temperature aerodynamic heating conditions based in
the Arctic may experience failures in components or hardware due to their inade-
quate low temperature characteristics. Where there is doubt concerning the sig-
nificance of any environmental value, a~n operational analysis should be performed
to determine the validity of the value. In the above example of high temperatures
due to aerodynamic heating, the vehicle skin temperature may be 3000 C (5720 F), but
because of airframe insulaticn the temperature internal to the instrumentation
component may be less than half of that value. An analysis may also show that the
high temperature values represent brief or infrequent transient values and the
duration of low tLemperature conditions might be lengthy. Thus, from a practical
viewpoint the low temperature requirements are more important.
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2.2 DeterLination of Environmental Requirements

As pointed out earlier, the instrumentation engineer must have environ-
mentzal limits to wor.A with. The procurement and installation of instrumentation
equipment and hardware depend on knowing these limits. In circumstances wheire
environmental information in not known or at beat minimal, the following sugges-
tions may be helpful.

a. Obtain as much data as possible relevant to the mission profiles.

b. Establish the environmental condit.ions.

C. Determine environmental standards or specifications.

d. Document the results.

2.2.1 Assess Mission Profile

The misaion profile is one of the most important factors to be considered
when making a determination of environmental requirements. The al.ti tudes at which
the vehicle is. to be tested, the speeds at which it will travel, and the type of
flight test conditions are of prime concern. For example, smooth or turbulent air,
for which data is to be obtAined will provide the instrumentation engineer with a
set of guidelines within which the system must satisfactorily operate.

Alternate mission profiles should also be part of the basic plan. On
occasion the unexpected happens, and a well. planned instrumentation system will
take full advantage of its designed capabilities should the true environment not
fall within the environmental design requirements.

Each phase of the aircraft's mission profile must be carefully reviewed
to de~termine the extent of induced environments. Profiles for ground operations and
storage should also be included. oftentimes protective covers must be made to
protect instrumentation sensors.

2.2.2 Establish the Environmental conditions

Review the aircraft mission profile and performance to establish the
environment3l conditions to be encountered during flight testing such as altitude,
temperature ranges, turbulence, vibration, and internal temperatures. It is im-
portant to review both the exterior as well as the interior environments of the
aircraft. These determinations should be reviewed for each location where instru-
mentation is to be installed. Ref. (1)

2.2.2.1 Natural Environments

Conventional aircraft depend upon aerodynamic forces for their operation;
as a result their entire mission is confined to the earth's atmosphere. Accord-
ingly, they may be subjected to any combination of the natural environments. The
probability of enc.ountering any partic~ular type of natural environment depends to a
great extent upon where the aircraft is operating. For example, flight test con-
ditions in the desert regions are far different from flight test conditions in
tropical areas.

2.2.2.2 Induced Environments

The type and severity of induced environments encountered by conventional
aircraft depend primarily on the type of aircraft and its performance requirements.
For example, when operating from an aircraft carrier greater accelerations may be
experienced during takeoff and landing than during conventional operations.

The type. and combinations of induced environments are highly variable.
For example, aerodynamic heating and boundary turbulence are only a concern under
certain conditions of flight, and if these conditions are being investigated, then
the instrumentation installation must not only acquire the desired data, but oper.-
ationally survive as well. In fact, it is these induced environmental conditions
that present one of the greatest challenges to the instrumentation engineer. It is
his responsibility to use established environmental criteria and then design an
installation that will be safe, reliable and effective. Ref. (2)

2.2.2.3 Unique Environmental Conditions

In some instances particularly those caused by induced environments, the
standard environmental criteria will not be very helpful. This is particularly
true for environmental limitations relevant to the interiors of compartments. In
such cases teats may be made by instrumenting a mockup under simulated conditions.
or, if the locations do not present an extreme environment they canl be instrumented
in the aircraft and evaluated during flight test.
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2.2.2.4 Combined Environments

It is interesting to note that most of the environmental test specifi-
cations presently available are based on mingle environments. Very little data
exists on effects of the various combinations of environments that nay be en-
countered in actual flight testing. 7- use, a system will never encounter any
single environment by itself. Even though combinations of environments are en-
countered, the extremes usually occ,,,: singly, and it is these extremes that
are the most important. Do not o-'erlook the possibility that the extceme of one
environment may intensify the effects of the other. Combinations of natural and
induced environments always exist together.

2.2.3 Determine Standards ýnd Table 2.2-1 Specification and Standards -

Specifications Listing Some of the Environmental Requirementsfor Aerospace Vehicles
A few of the more important

specifications and standards that pro-
vide environmental design information IDENrIFICATIOC [ TITLE
for aircraft are listed in Table 2.2-1.
The standards and specifications in ,________V_______
this table have been grouped according NIL-I-5289 I InstrUmentation Installation for
to their application. Although the Climatic Teat of Aircraft,
titles explain their contents, two in General Specification for
particular warrant brief discussion. AIRBORNE EQUIPMENT

2.2.3.1 MIL-STD-210 NIL-E. 8189 Electronic Equipment, Missiles,
Booster and Allied Vehicles,

One of the more important General Specifications for
standards is NIL-SID-210. This
standard is an outgrowth of equip- MIL-E-5400 Electronic Equipment, Airborne
ment failures experienced during General Specifications for
World War II. The standard PLTL-E-6051 Electromagnetic Compatibility
establishes uniform climatic design Requirements, systems
criteria for air, land and Arctic
use. The information provided re- MIL-STD-461 Electromagnetic Interference
presents conditions of natural Characteristics Requirements
environment, not induced environment, for Equipment
Although this specification (and the MIL-W-5088 Wiring, Aerospace Vehicle
others also), relate only to miYitary
equipment and hardware it goes with- ENVIRCONMETAL FACTO1
out saying that an instrumentation MIL-STD-210 Cia
installation must survive in the same Clipet
environment as the system or sub- Eq.ipment

system it is monitoring. Ref. (3). AEROSPACE GROUND EQUIPIUMi

2 2.3•2 MIL-W-5088 MIL-E-4158 Electronic Equipment Grouizd;General Requirements for

The MIL-W-5088 specifi- MIL-S-008512 Support Equipment, Aeronautical
cation was initially published in Special, General Specifications
March 1951, superseding the AN-W-14a for the Decign of
specification dated May 1945. Then,owhespecificationsdatered May1945. ,IL-T-21200 Test Equipment, for Use with
as now, the specifications covered Electronic and Fire Control
the selection and installation of Syatems, General Specification
wiring and wiring devices used in
aerospace vehicles. The initial in- MATERIALS
tent was to establish de3ign cri- MIL-P-9024 Iackaging, Materials Handling
teria for wiring an aerospace ve- and Traneportability, Systemhicle; not as a guide for subae- and System Sements, General
quent instrumentation instal- Specification for
lations. Fortunately, however,
over the thirty years since its in-
ception sufficient supporting data
has been added to this Nil Specification to provide guidance useful for instrument-
ation installations. Ref. (4). (See Section 4.6.5)

2.2.4 Document the Results

The accumulated environmental data must be compiled and documented in
report form or at least in such a manner so that it is available for others to use.
The written results should be clear, concise and complete. Further, the sources,
methods and techniques used to determine the environmental data should be included.
If mockups or simulations are used to assist. in determining environmental data
values, then these procedures and results should also be included in the final
document.

2.3 Unvironmental Factors

The most practical method available for designing an environmentally
qual." '"ed instrumentation installation is to use available hardware and equipment
developed to meet the specified environmental requirements. Experiernce has shown,
however, that this method is not always possible. As a result various types of
environmental control must be used to accommodate environmentally limited hardware



and equipment. Environmental control generally requires consideration of tempera-
ture, pressure, corrosion, shock and vibration, and ENI shielding. Refs. (5, 6).

2.3.1 Teqmerature

One factor that must be taken into consideration in all combinations
since it is present in all environments is temperature. This must be distinguished
from heat. Heat is a form of energy, while temperature is a factor affecting the
availability of energy. In a quiescent state an instrumentation systeLa is influ-
enced by the temperature resulting from heat generated by solar radiation and by
ambient air temperatures. System operation adds additional heat sources that
contribute to surface and compartment temperatures. At supersonic speeds, aero-
dynamic heating becomes the predominant factor, followed by electronic and pro-
pulsion equipment heating, and then by solar radiation.

2.3.1.1 Heat-Producing Sources

Aircraft surface and cmpartment temperatures result from one or more of
the four major heat sources: ambient air temperature, solar radiation, aerodynamic
heating and heat producing equipment.

a. Ambient air temperature - On the ground, ambient air temperature is
influenced by geographical location, season, prevailing winds, atmos-
pheric conditions and the nature of the earth's surface.

b. Solar radiation - Direct absorption of solar energy can increase
aircraft surface and compartment temperatures to well above the
ambient air temperatures. Solar radiation is of particular import-
ance to aircraft parked in the open. Depending upon the parking
surface and the reflectivity of the aircraft surface, varied amounus
of direct and reflected radiation is absorbed. If the flight ve-
hicle's thermal capacity and heat transfer capabilities are high, the
absorbed heat will be stored in the material or distributed around
the aircraft surface with moderate temperature changes. If the
thermal capacity is small, temperature will rise more rapidly.

c. Aerodynamic heating - This is the heat produced by the compression
and friction of air sliding over the surfaces of the aircraft. This
heating is proportional to the square of the Mach number. However,
for Mach 1 and below the temperature rise can usually be ignored.
The relationship of stagnation temperature and Mach number is shown in
Figure 2.3-1. It should be observed that high temperatures become
a factor at speeds exceedhig Mach 2. Ref. (B2).

d. Heat producing equipment
At speeds of Mach 1 and
below the principal source
of flight vehicle heat is 7000
the equipment within the A: STAGNATION

TEMPERATURE AT 3500C
flight vehicle itself: 6000- SEA LEVEL.
electronic equipment, 8: STAGNATION
electrical rotating TEMPERATURE AT - 3000
equipment, electrical 5000 15,240m
power systems, and 5 00
mission related systems. "(50,000 ft) 2500
Although the heat produced W 4000
by any item of equipment 2000 i
could be critical, the
major internal heat sources W 3000 A
are generally the electrical 1300
and olectronic systems. The
trend toward miniaturizatioxi ' 2000 1000
has only compounded the prob-
lem. Smaller electrical units
have made space for additional 1000 500
equipment. The result has been
a requirement for iore electri-
cal power and incroied heating. 00 2 4 6 8 10
In turn, the additional units
increase compartment temper- SPEED, MACH NUMBER
atures and often create
"hot spots" that are difficult
to design around. Heating is
also c critical factor Figure 2.3-1 Temperature vs. Fach
in the compartments surrounding Number
the aircraft engines and APU's.Although thermal insulation is used, sufficient heat is still trans-
ferred to these araas to severely restrict their use for many in-
strumentation system components.

S. ... ...... .. •" ....... : 1 • I I'i
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2.3.1.2 Teierature Control Nethods

The primary objective of employing temperature control is to prevent
excessive tamperature rise on and within the flight vehicle. Excessive heat
buildup can be prevented or removed by using either a passive or active heat
removal system. Passive systems use insulation and heat sinks, whereas active
systems use a combination of passive plus cooling air (forced convection or
blowers) to minimize the temperature buildup.

2.3.1.2.1 Compartaents

If the interior of the flight vehicle is one large open space, the heat
from the hot equipments will flow toward and heat the cooler equipment. By di-
viding the interior of the vehicle into compartments and properly locating the
heat-generating equipment and those equipments that need heating it is possible to
neutralize the negative affect* of both types of equipments. If this approach is
not possible, then the heat-generating equipments should be located near the air-
craft structure so that the structure may act as a heat sink, assuming, of course,
that the aircraft skin will not be at a higher temperature than the equipment.
Dividing the interior of the vehicle into compartments does not guarantee that the
heat problem will be solved. The temperatures in the cooler compartments may still
rise due to conduction through the walls. The conduction problem may be minimized,
however, by insulating the walls to reduce conduction and/or by the use of inter-
compartment or inner wall air flow.

2.3.1.2.2 Compartent- Wall Insulation

ELfective reduction of heat transfer to a compartment depends on the
amount and type of insulation used and its placement. An inner wall airspace has
good insulating qualities, but the use of insulating material results in improved
qualities. The trade-off is in the insulation type, thickness and weight.

The emissivity of the insulating material should also be considered since
radiation can contribute a considerable portion of the thermal load to a compart-
ment. The use of aluminum foil-backed insulation will substantially reduce the
interchange of radiant energy.

In practice, the effectiveness of the insulation is reduced by insulation
compacting and moisture absorption. Thus the effective thickness of the insulation
is less than the actual thickness. The effects of insulation on the total thermal
load of a compartment is shown in Table 2.3-1. Ref. (B2).

The data shown Table 2.3-1. Example of Heat
in this table indicates Transfer, Insulated Compartment
that the total heat Walls.
transfer is reduced
by more than 40% by AMOUNT OF HEAT FLCW,
completely insulating
each compartment wall INSULATION JOULES/MIN x 10 (BTU/MIN)
with 1.3 centimeters
(0.5 inch) of Fiber- Standard insulation - 620 (587)
glas. The total 1.27 cm (0.5 inch) of
heat flow is reduced Fiberglas over 25% of
an additional 23% by compartment area.
doubling the thick-
news of insulation. 1.27 cm (0.5 inch) of 354 (335)
Again, each wall
must be completely Fiberglas overall.
insulated. 2.54 cm (1.0 inch) of 214 (203)

Fiberglas overall.

2.3.1.2.3 Intercomparteent and Inner Wall Air Flow

The use of intercompartment and inner wall airflow is a very effective
method for removal of excessive heat build-up. The intercompartment heat removal
is done by discharging coolinj air into the heated compartment, thus reducing the
heat transfer through common walls. Table 2.3-2 shows the effectiveness of inter-
compartment air flow.
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Table 2.3-2 Example of the Effects
of Intercompartment Airflow.

COADITIO HNEAT FLOW,

JOULES/MIN x 103 (DTU/MIN)

So intorcompartment air flow; 204 (193)
belly skin and floor uninsulated.

No intercompartment air flow; 96 (91)
belly skin insulated only.

Intercompartment air flow; belly 160 (169)
skin ani floor uninsulated.

Intercompartmnent air flow; belly 32 (30)
skin insulated only.

The heat-flow between compartments can be reduced further by discharging
the cooling air through the inner wall. This procedure is considered practical
only for small compartments in high-speed vehicles because of the difficulty in
equalizing the air flow rates (see Section 2.3.2.1).

2.3.1.2.4 Choice and Location of Heat Sources

The amount of heat generated by equipment can be noticeably influenced by
the choice of available designs, while location within a compartment can determine
the problems that will result from generated heat. Each item of equipment should
be reviewed and selected as based on the following guidelines:

a. Does the equipment selected generate minimum heat? For example,
solid-state units usually generate less heat than their conventional
equivalents. It should be noted, however, that replacing one item of
equipment with another requires reviewing the substitute's environ-
mental capabilities. It is possible that the substitute item may
not perform satisfactorily within the environmental ranges required.

b. Can the item be located so that the heat from it will not be dir-
ected to other items within the compartment? To prevent inter-
com;jartment "hot spots," equipments with a high heat output should be
well separated from each other, and if possible, away from units that
must remain cool. In most cases these two suggestions are mutually
exclusive. The priority is to disperse the hotter items in order to
prevent "hot spots." Then, if necessary, use heat shields between hot
and cooler equipments. The heat shields should be attached to heat
sinks so that a conduction path for the heat transfer is present.
If these procedures are not sufficient then consider the addition of
a forced convection heat-removal system, in which case grouping the
high heat generators together may be desirable.

2.3.1.2.5 Heat Removal Methods

Regardless of the passive temperature protection methods used, the com-
plexity of today's aircraft creates heat build-up in available compartment space
that often makes the installation of flight test instrumentation very complex.
Very often available areas within the aircraft cannot be used until provisions are
made for removal of heat generated by the aircraft systems and by the inxtrumen-
tation system.

Heat removal is the process of conducting heat from a heat source to a
heat sink.

a. Conductive Heat Transfer. Heat is transferred by conduction from
one object to another only when they are in direct physical contact.

b. Convective Heat Transfer. The process of heit transfer from the
surface of a solid to a moving mass of fluid, either gaseous or
liquid, in called convection.

C. Radiant Heat Transfer. Objects emit radiation ranging in
wave length from the far infra-red to the ultra-violet, The
radiation from an object can travel through a vacuum or throught-
gases with very little absorption. The radiation upon being Itr
cepted by another object will be partly reflected and partly reradi-
ated. Heat transfer by radiation does not require physical contact.



2.3.1.2.6 Cooling by Conduction

Effective conductive cooling requires materials that are thermally high-
ly conductive. The thermal conductivity of metals is generally directly propor-
tional to their electrical conductivity. Accordingly, conduction cooling requir.s
good g tal-to-metal contacts. Quite often the thermal contact resistance is mini-
sised by high tspoerature moldering, brazing, or welding. For removable items of
equipment when conductive cooling heat sinks are used, the metal-to-metal bond is
enhanced by using silicone grease. Installation methods are presented in section
4.2.1.2.

2.3.2 Pressure

based on the assumption that both the instrumentation system and its trans-
ducers have been selected and environmentally proven, the effects of pressure on
the overall installation will be divided into two categories based on pressure
altitude: Environmental cooling variations and electrical arc-over and corona.

2.3.2.1 Environmental Cooling

Since the density of air decreases with an increase of altitude, the
heat absorbing capacity of air de-
creases accordiLgly. Table 2.3-3
presents the beat-absorbing cap-
acity of a given volume of air Table 2.3-3. Reduction of seat
at various altitudes as a per- Absorbing Capacity of Air With
centage of its heat absorbing Altitude.
capacity at sea level.
Convection is a common method
often used for the removal of HT ABSORBING CAPACITY
heat from equipment and since ALTXTUDZ OF GIVUN VOWNE OF AIR

the air is less able to absorb METhRS (lUT) AS PERCENTAGE OF THAT
and remove heat at higher alti- AT SEA LEVEL
tude*, the temperature of beat 1
producing components may rise 0 100
above safe operating levels. 6,096 (20,000) 50

At a pressure alti-
tude of approximately 13,700 12,192 (40,000) 25
meters (45,000 feet), air
should no longer be considered 18,288 (50,000) 10
as a heat conductor. Under
these circumstances, equipment 24,384 (80,000)

that needs cooling should be
mounted in an environmentally 30,480 ý100,000)
controlled area (see Section 4.2)
and/or mounted to a cooled con-
ductive surface.

2.3.2.2 Electrical Arc-Over and Corona

The insulating effect of air between high-voltage electrodes or other
high-tension points decreases with decreasing pressure. At high altitudes, un-
pressurized high voltage equipment may have a voltage arc-over between the high-
tension points. At a pressure altitude of 12,200 meýers %40,000 feet) the voltage
breakdown potential is about 25% of the sea level threshold. At 18,300 meters
(60,000 feet) the voltage breakdown potential is 12.5% of the sea level threshold.
Connectors, terminal strips, and relay contacts are subject to arc-over problems.
If voltages are not high enough or the air pressure is not quite low enough to
support arc-over, minute arcs may take placa in the area of the high-voltage points.
Ths is known as corona and can damage components and material as well as causing
considerable RF interference. Corona initiation potentials are known to be greatly
reduced by the presence of dust, oil, component material corrosion, and chemical
reaction from previous corona occurrences. Connectors and terminations exposed to
extreme altitude environments should be inspected and thoroughly cleaned, if
necessary, prior to re-exposure.

2.3 3 Shock. Vibration and Related Sources of Stress

In general, %hock and vibration are treated rs separate and distinct
phenomena. Yet the distinction between the two is often difficult to determine.
For example, the difference between transient shock motion and periodic vibration
is clear, but the differences between shock and random vibration, which is not
periodic, is not obvious. For purposes of this discussion, shock will be con-
sidered as intermittent excitation and vibration as sustained excitation.

2.3.3.1 Shock

Shock implies an impact, a collision, or a blow usually caused by physi-
cal contact. It represents a rapid change of loading or a rapid change of accel-
eration, with a resultant change of load. A shock motion can be defined by de-
scribing the history of an associated parameter such as acceleration, velocity,
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or displacmnt. Acceleration is the time rate of change of velocity. Acceler-
atio, is used in defining shock; the implication of a relatively sudden change
in acceloration is always present. Acceleration by itself does not constitute
shock. For example, an aircraft subjected to steady-state acceleration is not
undergoing shock.

Shock occurs when a structure is subjected to a suddenly applied force,
reaulting in transient vibration of that structure at its natural frewuencies. The
magnitude of the vibration may be great enough to cause fracturing of brittle
material or yielding of ductile material. A secondary effect of shock is that
large accelerations, characteristic of the abrupt changes associated with shock,
may be transmitted to equipment and components supported witin a structure. This
secondary effect should be of major conoern to the instrumenta-iL1.n. engineer de-
signing an instrumentation system installation.

2.3.3.2 Vibration

Vibration can be described as the variation, with time, of the magnitude
of a quartity to a specified reference, when the magnitude is alternately greater
or smaller than the reference. Vibration is in essence periodic, but ,his periodic
nature may be disguised if several unrelated frequencies occur simultaneously.
Purely "white* vibration (in which all frequencies and amplitudes have equal prob-
ability) seldom occurs. Usually even in seemingly random vibrations two or more
frequencies will predominate.

2.3.3.3 Acoustic Vibration

Intense acoustic pressure loads are generated by the noise from turbo-
jets, ramjets, rockbt engines, and aerodynamic boundary layers. The high levels of
sound impinge on the aircraft skin and are converted to mechanical energy that can
reach instrumentation sensors, as well as supportive electronics, in th6 form of
vibration.

2.3.3.4 -hock and Vibration Protection

There are two broad methods of protecting an instrumentation installation
against the effects of shock ane vibration: ('.) select components and design tech-
niquee that can withstand the shock and vibration environments; (2) where the en-
vironments are too severe, it will be necessary to carefully locate and orient
components and equipment and most likely use isolation protection devices.

2.3.3.5 Sources of Shock, Vibration, and Acceleration

A quick review of the aircraft mission profile will usually identify most
of the sources of shock, vibration, and acceleration. A few are listed below:

a. Flying through turbulent air.

b. Naneuvers resulting in severe load factors.

c. Imbalance in reciprocating power plants.

d. High speed induced aircraft flutter.

e. Hard landings such as aircraft carrier requirements.

f. Firing of weapons.

All of the above sources can be considered as being external to the
aircraft. The list does not include internal effects from rotlaung or moving
equipment such as pumps, compressors, or actuators that generate vibrations of
multiple frequencies and amplitudes. Further, component failures should not always
be considered a result of the aircraft mission profile, even if all the evidence
indicates it. Consider the following example:

The problem involved the failure of a miniature relay and its glass
seal. The bottom view of the relay and a cross section of one of its pin contacts
is shown in Figure 2.3-2.

_____________________RELAY PINS
RERELAY PINS RLAS SA

AGLASS SEAL

LAY CASERELAY CASE

@0 00 LAY CAS

GOLD- PLATED CONTACT*

Figure 2.3-2 Bottom View of Relay and Cross Section of One of Its Pin Contacts

i
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The printed circuit mounting specification required that all component
leads that mount on printed circuit boards should not protrude through the board
more than 0.76 millimeter (0.0'J0 inch). The excess lead lengths were routinely
clipped off. The relay failure consisted of cracked glass seals surrounding the
pin contact. The cause of the failure uas determined to be a result of the shock
occurring during the process of clipping off the excess length of the relay pin
contact. At the instant of final metal separation, during clipping, rather severe
forces (or shock waves) were transferred to t?% pin contact. Future problems were
averted by not clipping these pin contacts.

2.3.4 Moisture

Moisture is a term often used to mean humidity as well as various forLs
of condensation and precipitation. Specifically, moisture is a liquid and is
usually water that is diffused or condensed in relatively small quantities. Water
in the form of vapor is always present in varying amounts in the atmosphere. This
vapor content in the atmosphere is referred to as humidity. When the temperature
of the air is reduced below the dew point, condensation occurs. In general,
dew formation taken place when a given surface is above 00 C (321 F). If the temp-
erature i below 00 C (320 F), the condensation will form frost. In some cases,
supercooled droplets will form which later freeze to form ice. Heat loss from
radiation may cause sufficient coo" ing for the formation of dew.

Condensation can frequently be induced in an aircraft by changes in alti-
tude. The colder upper altitudes lower the air temperature within the aircraft, and
if the air is relatively moist, it can be sufficiently cooled to condense moisture
upon tha equipment and hardware within compartments.

2.3.4.1 Accelerated Corrosion

Moisture combined with dust and pollutant gases may result in an alka-
line, acid, or saline solution capable of causing accelerated corrosion. The pol-
lutant gases may originate independently of the airccaft environment or they may be
a direct result of the aircraft itself. Typi;al aircraft sources are fuel vapors,
fuel exhaust vapor, and gases due to weapon firings.

In tropical areas the combination of dust and moisture may nourish micro-
biological growth which produces further deterioration such as accelerated cor-
rosion or fungi.

2.3.4.2 Fgi

Most fungi have an opt-mum temperature range of 15" C to 350 C (59" F to
95" F), although there are forma that will grow at lower and higher temperature ex-
tremes. The average optimum tempezature for fungi growth is 300 C (830 F), with
relative humidity at 95 to 100 percent. Below 70 percent relative humidity there
is little opportunity for fungi growth. Other than high relative humidity and a
suitable temperature, the only additional requirament for fungi to thrive La
abundant food. This is supplied in large amounts by a great variety of organic
LAterials produced by vegetation. Cordage, paints, adhesives, plastics, resins,
rubber are mostly made of organic materials and thus are susceptible to fungi.
Furthermore, fungi do nat attack organic materials alone, but some forms will
attack metals, glass, and clay products.

2.3.4.3 Moisture aid Fungus lerotction

In general there are three zethods of protecting against ýhe effects of
roisture and fungi. The most direct mothod is to carefully select fungus and
corrosion-resistant switeriils. The second method is t4 apply a protective ccating
on the item of hardwa.-e to be used, or on the completed assembly. This method Ia
not to be relied upon .niest the entire assembly can be fully immersed in the
coating agen-. A tk.4d method is to hermetically seal the equipment or item of
hardware. This meth-. is effow'tAive but limited, sir.e:* not all items f hrdware can
be sealed in this men er The best method ts to use combinations of all three
methods.

2.3.5 Slectromanetic Invrfer~nce (SRI)

When electronic systems are connected together, problems can arise in the
foim of Z41. =I is i.nterference which is created Ly the coupling of noise from
one subsystem to snot., :r by means of conductive paths or by radiation. The term
most often used to categorize the entire area of the EXI problem is "ZHI Environ-
ment." Accordingly, XMI is introduced into this discussion as a part of the total
aircraft environment. Since most instrvmentation ins*.allatxvns are primarily
coikaerned with conductive paths rather than radiation, the discussion will focusits attention to that area. Ref. (7, 8)(53).

2.3.5.1 Refponsibility for NMI Solutions

One of the least defined portions of the RII problem is that of responsi-
bility. The overall responsibility for tý'e control of MIr should rest within a
centrall authority within the prime organization. However, it is usually the in-
strumentation system that is affected by RIX and as a result it is the nstrumen-
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tation engineer who must solve his own problems. To solve these problems a pro-
cedure must be established to gather meaningful data.

The a1 tata to be gathered that are relevant to the ENI environment are
of two types. The first type lists the values of susceptibility for each of the
various subsystems as referenced to an established noise level. The second type
list* tn indiv,1oe l contributions made by each subsystem co the overall system
noise level. The susceptibility data should define the noise levels that adversely
affect each iubsystsm. The noise output data should define the individual values
of noise level and their location on each of the wires that are part of the sub-
system so that conducted noise levels can be traced. Both ENI data listings should
use units of voltage and current rather than decibels. The frequency spectrum ofeach level noted should also ba identified.

2.3.5.2 SHI Data Gatherina

The possibility of an XMI probleu can be estimated prior to the installa-
tion from derived block diagrams that represent the instrumentation installation
and include the following information:

a. Location of the subsystem within the aircraft.

b. Electrical wiring data. (Available from the manufacturer)

(1) Capacitance/per unit of length.

(2) Inductance/per unit of length.

(3) Resistance/per unit of length.

c. Power and signal levels.

(1) Frequency components.

(2) Current and voltage levels.

k3) Source J.mpedances.

(4) Load impedances.

It should be pointed out that the above information should be based in
worst case conditions.

The first step then, from "a" above is to locate the subsystems within
the aircraft. This is done by using the mechanical installation drawings and
positioning the subsystems by using the following criteria:

1. Subsystem (or transducer) requirements. A subsystem
may need a particular position in the aircraft
due to the type of measurement it must make (for
example, center-of-gravity or boundary-layer meas-
urements).

2. Subsystem function. Subsystems may need to be lo-
cated with respect to the function that they per-
form. For example, a data acquisition subsystem
that is used to monitor data from oniy one part of
the airc'aft should be located close to that area
to reduce transducer wire lead lengths.

3. Power and weight. Subsystems which require hi.gh
currents should be located as close to their power
source as possible in order to reduce the effects
of cabling imnpedances. (Weight is also important
to the static and dynamic balance of the aircraft
and must be considered when locating the subsystem.)

Once the location of the subsystem has been decided, an estimate can be
made of tho routing of the cables. This will provide the basis for the informationneeded in stop b.

From the cakle routing information, the length of each cable can be
eatimatod. Then from the manufacturer's wiriiAg data, the per-unit-length of cap-
acitance, inductance, and resistance can be determined. These unit-values mul-
tiplied by the total cable length will provide the values to be used in any com-
putations required for installation analysis. For example, these values can be used
to calculate '.he reactance values of a transducer circuit wiring. j

The power and signal levels, step c, for each of the wires within the
various cables are then obtained for each subsystem. These levels of current and
voltage aleng with their frequency components can be used in conjunction with
values of source and load impedances and cable data to compute the values of con-
ducted =II.
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if calculations are necessary, the results can be used to establish
limits that define the immunity that each subsystem must achieve.

2.4 Reliability

The reliability of a product (or system) is generally defined as the
probability that the product will give satisfactory performance for a specified
period of tine when used under specified conditions. Whenever the definition is
applied to a particular system it is always necessary to relate probability to a
precise definition of satisfactory performance.

Instzi zntation systems are often one-of-a-kind, and system reliability is
at best difficu'; to determine. However, the determination of component relia-
bility in much easier, since many of the individual components are repeatedly used
in a wide variety of instrumentation systems. Over a period of years the instru-
mentation engineer should develop a listing of trouble-free components and hardware
based upon past experience. The phrase "trouble-free" is used because the avera&e
instrumentation engineer does not usually think in teors of statistical reliability.
Reliability statistically identifies three types of failure characteristics.

1. The early failure.

2. The wearing out of parts.

3. The chance failure.

2.4.1 The Earli Failure

The early failure usually results from poor quality components (or
hardware) or deficient design techniques. These failures are usually coirected by
using standard "trouble-shooting" techniques. These failures may be observed
during initial system operation or during the first flight mission. The early
failure can be minimized by using thoroughly tested and proven components, hard-
ware, and approved design installation procedures.

2.4.2 The Wearing Out of Parts

This type of failure is indicative of little or no system maintenance.
These types of failures can usually be minimized by properly scheduled maintenance
and by upgrading the replacement parts.

2.4.3 The Chance Failure

These types of failures occur unexpectedly and at irregular intervals.
The occurrence of chance failures cannot be predicted, and it is not normally easy
to eliminate their occurrence.

2.4.4 Failure Occurrence

The three types of failures outlined above are each distinct and separate
for two reasons. First, each type follows a specific statistical dimension, and
second, different methods must be used for their elimination.

Unfortunately, early failures and wear out failures occur more often than
they should. Early failures are often irjected into an instrumentation system
every time it is repaired or modified, either by an improper selection of replace-
ment components for those that have failed or by some faulty routing of wiring or
electrical connection. In a similar way wear out failures can make an inherently
reliable system very unreliable. In general, however, such wear out failure occurs
as an unexpected fault induced by poor maintenance. (Ref al..) The important point
here is that the equipment or component is not at fault.

The so-called "chance" failure cannot be eliminated by good maintenance
practices or by any debugging or trouble shooting technique. Although not pre-
dictable the chance failure does follow certain rules of behavior such that the
frequency of their occurrence over a long period of time is approximately constant.

2.4.5 Reliabili&t Design Practices

Further discussion of the three types of failures must lead into the
mathematics of reliability. Fortunately, the instrumentation engineer has two
design techniques that can usually offset lengthy calculations. The first of these
tools is equipment or compoent derating; the second tool, redundancy, is used for
instancem when even deraetng may not help.

* 2.4.5.1 Xigloeet or Coinooent Deratina
Components are designed to withstand certain operational stresses, that

is they are rated for a definite operating voltage, current, vibration, tempera-
ture, etc. It can be assumed that when these rated limits are exceeded, the fail-
ure rate will rapidly increase. On the other hand, the failure rate decreases when
the operational stresses are less than the rated value. For example, if a compon-
nt is to operate at it. rated stress, a reduction of its environmental stresses
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will reduce the component's failure rate. For circumstances where reducing these
environmental stresses adds too much system weight, costs too much or are not
practical, then an alternate solution is to use a component of double rating and
operate it at one half its rated stress value. In most cases, this may be less
costly. An ideal situation exists when the environmental stresa is reduced and the
component is derated.

2.4.5.2 Redundancy

Redundancy is an effective but very expensive method of attaining a
desired level of reliability. The use of redundancy is not a solution to all
reliability problems, nor is it a substitute tor good design. Its very nature
implies increased weight, complexity, space and power; not to mentior a usually
more complicated system checkout. The sun total of all this is added cost in one
form or another. However, redundancy may be the only solution to some of the
problems that confront the instrumentat-ion engineer.

2.4.6 Stresses

The stresses that influence components can geaherally be grouped into two
categories: environmental and operational.

Environmental stresses are present whether a component in a system is
actively operating or in a quiescent state. Typical natural environmental con-
ditions such as temperature, pressure, humidity, and solar radiation may cause a
deterioration of component strength which may affect its useful life. In addition
to the natural envirorment, if induced environments such as vibration and shock
occur, then these combined stresses can cause a chance failure.

Operating stresses appear only when the component is in active operation.
These stresses normally lead to chance failures, but at the same time they also
contribute significantly to component deterioration xesulting in wearout.

2.4 7 Anomalies

Anomalies can be resolved in three ways. First, the anomaly can be
proved to be caused by a procedural error that can be demonstrLted and repeated.
Second, the anomaly can be explained by specific hardware failure. Replacement
and proper validated operation indicates a proper solution to the anomaly. The
third typo of anomaly is the worst case condition: The anomaly cannot be ex-
plained or repeated. The lack of a definite explanation makes it impossible to
"fix" the fault. Therefore, the action is to analyze the fault and perhaps apply
proper redundancy to achieve the intended operation.

2.5 Maintainability

Inherent maintainability must be established as part of the installation
during the design phase. The design goal is to produce a system installation for
which maintenance can be performed safely, quickly, easily, accurately and econo-
mically. Ref. (9, 10).

2.5.1 Accessibility

Accessibility implies that a component or assembly can be approached with
relative ease for purposes of installation, removal or maintenance. A lack of
adequate access will often result in ineffective maintenance because personnel may
omit or delay maintenance of equipment or hardware that cannot easily be seen or
reached.

2.5.1.1 Access Location Determinations

The type, size, shape and location of access to an aircraft instrumenta-
tion installation is generally determined by the following:

a. Operational location and environmental capabilities of the equip-
ment to be installed.

b. Frequency of required accessibility.

c. The type of maintenance to be performed through the access.

d. The type of test, equipment, calibzations and time necessary to
perform the required operation on the equipment.

e. The amount of space required to perform work on the installation.

f. Visual requirements.

g. Physical size of equipmert behind the access.

h. Hazards inherent to the access itself, such as location near moving
parts, hot exhausts, high voltages or toxic fumes.



14

2.S.1.2 Access Design Considerations

Access includes entrancti doors, inspection plates, and servicing points.
If possible, design the access cover platen large enough and in the proper shape to
allow hardware and equipment installation, servicing, and removal*. Whenever
nossible use hinged or captive covers. If this is not possible, then use a minimum
iiumber of screws when designing the access plate. Shape code the access plate it
it must be installed in a certain way. Captive, quick-opening fasteners that do
not requiire special tools for opening or closing are preferred. Depending on the
size of the aircraft and the program requirements the following suggestions may
also be helpful:

A. Label each access area with its purpose. Clearly identify it with a
unique number or letter code.

b. If at all possible, provide visual Access in areas where there is
danger from nearby electrical circuits when maintenance of these
circuits is required.

C. Make battery accesses large enough to permit safe handling, test,
maintenance or replacement.

d. Consider human factors when designing accesses. This type of effort
will assure optimum accessibility for all items requiring main-
tenance, in.spection or removal.

2.5.2 Cable Routing

Wiring is probably the most difficult type of electrical installation to
remove and replace and is almost impossible to reroute once it has been installed.
Further, regardless of how durable it may appear to be it is vulnerable to damage
by handling during installation and maintenance. And finally wiring is often in
the way when associated electrical equipment needs attention. However, many of
the problems encountered relating to wiring and cable installations can be mini-
mized if careful planning is made a part of the installation design phase.

Whenever possible, individual wires and cables should be assembled into
harnesses that are held together by clamps and ties. If an advantage in routing
can be identified early in the installation design iLt can minimize less desirable
routings as the design develops. Routiags should be selected w'hich do not obstruct
access to ports, ducts, disconnects, terminals or equipment that may require re-
moval or adjustments. Avoid routing wire in cramped areas which will prevent the
inevitable growth of the wire bundle. Also consider the mechanical operation of
equipment or systems in the areas chosen for routing the wiring. Wiring and har-
nesses must not interfere with aircraft operations.

Wiring should be routed so as to avoid damage from fluids or vapors. If
this is not possible, then provisions must be made to protect the wiring. Remain
clear of fluid lines since future failures of these lines may require maintenance.
In all cases, remain clear of lines carrying flamable fluids.

wiring is often routed near access doors. if routed near the bottom of
an access door, the wiring is subject to abrasive contact damage by the instal-
lation and removal of equipment or by the entry and departing of operating per-
sonnel. If the wiring is routed noar the top or sides of the door, they may pro-
vide inviting hand holds for personnel entering and leaving the vehicle. The alter-
natives are obvious: route the wiring away from the access doors in such a manner
as to prevent their abuse. If this is not possible, then provide for protection
of the wiring.

2.5.3 Minimize Maintenance Errors

Design subsystem interfacesa such that equipment cannot physically be
installed improperly. Use proper connector keying, coded shapes , asymmetrical
mounts and other means to prevent inadvertent maintenance errors. (See Section
5.1.5 for methods of connector ke~ying.) Design for rapid positive identification
of each item of equipment. In-house designed and built equipment should have an
identification tag affixed to it listing name of equipment, serial number and draw-
ing number as a minimum. Ref. (11).

Minimize the complexity of maintenance by using a simple design which
includes interchangeability and standardized components. Reduce excessive main-
tenance time by using latches instead of screws. The use of latches facilitates
rapid access to the equipment as well as eliminating loose or lost hardware, such
as screws that may cause electrical or mechanical failures.

2.5.4 Temperature Coaisiderations

Excessive temperatures due to current flow, e.g., those that exceed the
wiring specifications, can cause a failure in two ways:

a. A breakdown of the insulation occurs.



b. Altered conductivity characteristics of the conductor.

The effects of insulation breakdown at high temperatures is well known.
It usually melts and/or sublimes exposing the hare conductor. The altering of the
conductor characteristics is not so well known. Briefly, as the temperature in-
creases, the resistance of the conductor increases. The higher resistance in turn
will cause the temperature of the conductor and its insulation to rise further.
This effect if it continues will damage the connector contacts and will result in
complete failure at the point when the conductor melts, breaking continuity and/or
the insulation fails, causing an electrical short.

High ambient temperatures can also cause problems. For example, consider
a sealed compartment of an aircraft sitting on the flight line under hot tropical
conditions. in flight, this compartment is cooled and is maintained at reasonable
operating conditions of low temperature and low humidity. Sitting or. the flight
line, however, the compartment is closed and the air conditioning turned off. The
direct sunlight shining on the vehicle can raise the internal temperature to very
high levels. If the compartment temperature is rapidly lowered in preparation for
operation, as it might be during taxi, moisture may condense within the compart-
ment. This moisture may well cause problems related to the connector electrical
contacts unless adequate precautions have been taken. At the sam time the thermal
shock caused by the cooling effect can also cause interfacing. of unlike materials
to distort. Seals may open and insulation may crack or rupture.

This type of environment cam cause the corrosion of connector contacts
an.l connector shells. The extent of damage will depend on the chemical character-
istics of the metals used. Typical metals that are used for shell construction
to prevent this corrosion are anodized aluminum, stainless steel or non-metals.
Contact materials are discussed in Section 4.1.3.2.

Temperatures below the specified wiring characteristics do not usually
cause conductivity troubles in a wiring system. In fact, the lower the temperature,
the more current a given conductor car carry. However, low temperatures can cause
wiring insulation to become brittle with subsequent failure during vibration.

2.6 Safety Requirements

The installation design of an instrumentation subsystem in an aerospace
vehicle requires careful consideration since it interfaces with nearly all other
subsystems. Considering this complex interrelation, it is reasonable to assume
that a failure in one subsystem may affect one or more of the others unless the
installation design approach minimizes this possibility. inherent safety in elec-
tri,!al/electronic systems must begin in the early stages of design. Appropriate
review of safety requirements and objectives are im~portant stepo toward a prope-
installation. Ref. (B4).

2.6.1 Environmental considerations

The components of the instrumentation system undergo a number of environ-
mental extremes which must be considered before its performance can be predicted.
The failure of a component because of unanticipated and severe service conditions
can present a serious safety problem. The environment and its severity must there-
fore be an uppermost consideration.

2.6.1.1 T2perature

The engineer must verify that the system design is unaffected by temper-
ature extremes, or that it is compensated so that temperature changes do not affect
the system functioni. Provide for equipment cooling by selecting the most efficient
heat-dissipating components, and by locating equipment ovrt of areas of high en-
vironmental temperatures. Whenever possible, provide augmented cooling by using
forced air in cases where normal heat dissipation is inadequate. Circulate the air
within the equipment to achieve maximum heat-transfer from the major heat-generating
parts, with the lower heat generators closest to the incoming air. minimize leakage
of cooling air to reduce the volume of cooling air required.

2.6.1.2 Pressure

It must bp. determined that the equipment is not degraded in operation
because of the effects of altitude and sudden altitude changes. Employ hermetic
sealing and pressurization to preclude corona, electrical arcinq between compo-
nents, or damage to pressure sensitive components which will be operated in low
ambient pressure or which are affectedi by a rapid change of pressure, i.e. poorly
vented instruments.

2.6.1.3 vibration and Shock

The effect of aircraft vibration requires careful consideration. TheJ
design must incorporate only equipment or components qualified to meet anticipated
vibration levels in all axes. In addition, specify fastening methods which prevent
components from loosening and damaging adjacent equipment.



2.6.1.4 Humidity and Funaus

Select hardware that is capable of withstanding humidity up to 100%
whether directly amibient or indirectly by condensation, in and on the equipment.
Include in thir consideration tUe exposure to malt-sea atmosphere and ensure that
electrical termination points (connectors, terminals, splices, etc.) are given
protection to eliminate their susceptibility to the hazards of this environment.
Moisture collection at electrical terminal points cannot be tolerated. Select
hardware which will not be degraded physically or functionally by exposure to
fungus gi~owth found in tropical climates; otherwise, provide exposed surfaces with
protective coatings.

2.6.1.5 Hazardous Fluids

Combustible vapor is likely to be present in many areas of the aircraft.
Use only those components or equipments which are incapable of causing ignition in
an explosive atmosphere.

2.6.2 Termination Arrangement

Avoid the termination of power and signal leads on adjacent pins of a
connector where possible. Isolate the wiring of critical circuits so that a single
short circuit occurring in a connector cannot affect other components. Use separate
connectors if practicable. Always consider the possibility of an inadvertent
pin-to--pin short circuit within the connector. Arrange terminations to minimize
this potential short-circuit hazard. Do not terminate the elements of a redundant
circuit in a single connector where the loss of such a connector will negate the
redundant feature.

Use terminal junction blocks only for wires and cables requiring in-
frequent disconnection. Provide for adequate spacing between junctions to prevent
leakage currents between circuits under extremes of environment. Physically iso-
late circuits which are degraded by proximity to other circuits. (See Section 4.7)

Workmanship is the key to connector and junction block dependability
and system safety. Therefore, the design cannot be considered complete until
the special techniques, tools, materials, and processes involved in production
are clearly specified.

2.6.3 Protective Devices

Pr~ovide protective devices for primary circuits and other such circuits
as required for protection from damage as a result of overloads or extreme service
conditions. Protect circuits, equipment, or parts which may be overloaded because
of malfunction, improper adjustment, compone.at casualty, or other degrading effects
by employing isolation techniques in the circuit design. In addition, ensure that
the design incorporates protective safety features for personnel during the in-
stallation, operation, maintenance, and repair of a complete equipment assembly or
its component parts.

2,6.3.1 Location

Locate fuses or breakers where they can be seen and replaced or reset
without removing other components. If possible, group the location in a central,
easily accessible area, and provide for spare fuses to be located near the fuse
holder. Identify each fuse for its proper value. Fuse caps of a quick-disconnect
type are preferred over the screw-type; ensure that they are knurled and easily
removable by hand.

2.6.3.2 Detection

Provide a %eans such as telltale lights or other sensory aids which will
promote the rapid detection of a blown fuse or breaker by the crew member concerned.

2.6.3.3 Temperature Effects

Consider the operating temperatures in the area where the protective fuse
or breaker is to be used. The fuse rating~must be adjusted up or down (uprating or
derating) to allow for the added or subtracted heat provided by the operating
environment. This design consideration is necessary to ensure that the device has
a dynamic factor of safety under expected service conditions. The specific elec-
trical overload protection varies greatly according to the intended use.

2.6.3.4 Multiple Circuit Protection

Do not allow several critical electrical component. to be protected by a
single circuit breaker or fuse. An electrical short in a single component can
cause the circuit breaker (or fuse) to shut off power to the other components.
Provide multiple circuit protection where necessary.
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2.6.4 Material Selection

The selection guidelines for suitable standard part. arnd material. used
in the design and fabrication of the aircraft instrumentation system have been
carefully documented. However, various safety requirements may demand the selection
of materials which are not covered by these specifications. In determining the
suitability of parts and materials, give consideration to the following:

a. The space and weight limitations placed on the total installation.

b. The interchangeability of the parts with those in the drawings.

C. The parts and materials must be qualified to meet the performance
and environmental requirements imposed by the aircraft.

When possible, incorporate in the installation those items having both
the broadest characteristics and the greatest allowable electrical tolerances that
will fulfill the performance requirement of the system.

2.6.4.1 Stability

Several factors should be considered before selecting materials for a
specific function. The materials should be consistent and uniform with regard to
their chemical properties. Ensure that they are compatible with their operating
environment and are resistant to corrosion, fungi, moisture, temperature extremes,
sunlight, ozone, dust, and other service conditions. They must not be capable of
supporting combustion.

Anticipate unusual service conditions and select only the best possible
materials to meet the requirements. Specify metallic parts which are corrosion
resistant or provide for the use of a protective coating. Avoid the use of coat-
ings or finishes which may degrade the material properties, or are subject to
chipping, cracking, or scaling. Similarly, suitably protect nonmetallic parts
against deterioration as a result of contamination by oil, grease, or environmental
elements.

2.6.4.2 Toxic Materials

Avoid the selection of materials that will liberate toxic gases or liquids
under adverse operating conditions. Select materials that are easily fabricated
and repaired with a minimum of time or of special equipment. Ensure that assembly
and maintenance is consistent with average human effort, ability, and attitude.
The use of standardized materials, types, sizes, etc., is an aid in expediting
field maintenance.

2.6.4.3 Dissimilar Metals

Avoid the use of dissimilar metals that easily corrode. In the presence
of an electrolyte, such as moisture, electrolytic corrosion ensues. corrosion,
aside from physical degradation, destroys the operational and safety objectives of
electrical bonding. The adverse effect on other electrical terminal points is
apparent.

2.6.5 Fire, Toxic Fumes, and Operation in Hazardous Atmosphere

The requirements of the instrumentation system may involve operation in a
hazardous or potentially hazardous environment. such requirements preclude the
more desirable alternative of avoiding these areas altogether. It is niecessary,
therefore, that all reasonable effort be made to achieve a design in which the
possibility of failure, destruction, or personal injury in these areas is mini-
mized.

2.6.5.1 Explosion Proof Components

Ensure that electrical components located in an area likely to contain
flammable fluids or vapors from any source are explosion-proof Explosion-proof
aeronautical equipment is defined as that which, when operated at any design lciid,
will not ignite an explosive mixture in the equipment or, if an explosion does
occur within the equipment, this explosion will not cause any explosion or fire
outside the equipment.

2.6.5.2 Combustible Materials

High-power electrical components may be potential ignition soarces to
solid combustibles or flammable fluids when resistance heating occurs due to a
malfunction. Ensure that v ach components are not fabricated from combustiblej
material and that they are located away from or shielded from combustibles. If
possible, provide overheat protection if equipment case temperatures, in a failure

mde, can approach the autogenous ignition temperature of the hazardous fluid.
Enure that the materials used in the specific equipment cannot combine with ele-

met of the operating environment to form toxic, corrosive, or combustible fumes.
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Likewise, design to avoid the possible liberation of fumes which degrade the per-
formance of the equipment or endanger the operator's health.

2.6.6 Personnel and Equipment - Safety Relationships

During the development of the instrumentation system, give consideration
tc proper grounding, shielding, interlocks, safety guards, barriers, and warning
markings. Minimize the hazards of electrical shock during routine maintenance;
even small voltages can generate currents that are hazardous to health. Also,
consider the limits of human strength in the various maintenance activities. When
equipment is heavy, bulky, slippery, or unique in shape, provide mechanical guides,
handholds, rails, slides, or other aids tc make a safe and rapid installation or
inspection.

2.6.6.1 Equipment Installation

Instrumertation equipment should be designed so that it cannot physically
be installed improperly. Use proper connector keying, coded shapes, asymmetricel
mounts, and other means to prevent inadvertent maintenance errors. Design for
rapid positive identification of equipment malfunction and, further, for the rapid,
positive identification of the replaceable defective assembly or componernt. Simple
design which permits rapid isolation and repair of the faulty item reduc'ts the
possibility of creating additional dam-_ge during the troubleshooting process.
Minimize the complexity of maintenance tasks by employing a simple design which
includes interchangeability and standardized components. Reduce excesdive main-
tenance time and possible electrical malfunctions as a result of loose or 1' st
hardware by employing captive components such as doors, covers, end fasteners where
practicable. Whenever possible and practical eliminate the need for maintenance by
using sealed components, self-adjusting, self-compensating, and self-calibrating
equipment.

Provide for equipment cooling to maintain the required performance, lifo,
and reliability of components under any probable combination of service conditions.
Where louvers or vents are used, provide filters or screens at such points to
prevent dust and insects from entering the equipment housing. Locate or configure
vents to prevent foreign objects from being inadvertently inserted and contacting
high-voltage pcints.

2.6.6.2 Mechanical Considerations

Avoid sharp projections on cabinets, doors, and similar parts. Ensure
that doors or hinged covers are rounded at the corners and are provided with stops
to hold them cpen. Include provisions to prevent accidental pulling out of drawers
or rack-mounted equipment components which could cause equipment damage and injury
to personnel. Dw-ign and locate critical switches and similar controls so that
accidental contact by personnel will not place equipment in operation. Provide
positive maans to prevent the inadvertent reversing or mismating of instrument
leads and electrical connections. Color code or mark components to preve-nt mis-
mating only when more positive and foolproof means are not feasible in the design.

2.6.6.3 Batteries

Ensure that battery connections are made with reliable, sealed electrical
connections. Vent lead acid batteries to an area where ignition is not possible.
Provide nickel cadmium batteries with pressure relief vents, and hermetically
sealed batteries, where used, with adequate safety blowout plugs. Ensure that all
ven- lines, fittings, etc., are resistant to decomposition by the bsttery elec-
trolyte. Under no circumstances will batteries be located in crew compartments.

2.6.6.4 Lightning Protection

The metallic shell of the aircraft usually provides adequate protection
against lightning strikes; however, the design should be thoroughly tested for
lightning susceptibility. The use of adequate bonding techniques to ensure a direct
and omnidirectional path for current across junctions or openings in the skin will
prevent possible vapor ignition from electric arcs across such junctions.

2.6.6.5 Hazardous Instrumentation

Experience has indicated that designing safety features into systems is a
more effective way to reduce accidents than campaigning to make humans more safety
conscious. Not all hazards are of eqaal magnitude or criticality to personnel
safety and quite often the most insidious hazards are those with which we are all
familiar. In these areas, familiarity often breeds contempt. The instrumentation
engineer is often confronted with hazardous instrumentation and he may or may not
be familiar with established operational procedures.
2.6.6.5.1 RF Radiation Hazards To Personnel

It is well established that microwave (RF) radiation can lead to bio-
logical damage to humans because of the heating effects which result from the
absorption of microwave energy by the body. Specifically, the eyes and testes are
known to be more susceptible to microwave radiation than other parts of the body.
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The entire topic of biological damage effects of RF radiation is quite
controversial. In most cases standards have not been established in the lower
frequency bands and operating quide. presently used have been determined as a
result of analytical studies. The disparities at the higher frequencies gen-
erally retlect a basic difference in the experimental approach. Accordingly,
"recommended maximum" levels of human exposure to RF radiation have been established.
One such guide is sumarized in
Figure 2.6-1. The guide relates to
situations where accidental ex- I
posure occurs rtther than de-
liberate or medically controlled
exposures. The guide further .3 1,80
assumes that deviation from nor- SAFE CAUTION HAZARDZONE ZONE iZONE
ma- conditionr can take place 1 - - 3-0 -- -
... with caution. Ref. (PS). %'

The limits of deviation from i .03 10-- ° %- ,8-
normal cond 4tions are shown in %
Figure 2.6-1 as dashed lines. a,, cc

0 C
The generally accepted safe 0. •

level for incident electromagnetic W .%o3 - - - 11
energy of frequencies fror 10lz N01,
to 100GHz has been set at 10 .ooI

-- , W/ •2 . , I 3 1 00 300 1K 3K tOK

mW/cm , average over any possible . . I mn/cml

0.1 hour period. This exposure POWER DENSITY IN MW/CM2

level is shown in Figure 2.6-1
and labeled as "caution zone". Figt,-e 2.6-1 Electromagnetic Ambient Exposure

Levels to Humans (Ref B5)

2.6.6.5.2 Laser Radiation Hazards

Laser systems are relatively new; however the number 1n use is increasing
rapidly. All too often new systems are introduced into inventory only to discover
that they are not safe; that is, they are hazardous to both personnel and equip-
ment.

Laboratory experiments hp•ie proven conclusively that fast-pulsed lasers
are considerably more hazardous than continuous wave lasers. Pulsed lasers in
the nanosecond aae faster time regimes can cause eye damage at relatively low
average power levels. Accordingly, aczess controls and eye protection should be
required if any exposure is possible.

U
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3.0 SYSTEM INSTALLATION1 DES ION KANAMUiWf

A safe and efficient instrumentation system begins with the installation
design. Such factors as standardization of the system wiring. system components,
and connectors will save installation time, weight, and cost.

Further, it is during the installation design phase that proper locations
should be chosen for equipment and wire routing. (See section 5.3) Once the actu-
al installation phase begins, changes in equipment location and cable routing be-
come very time consuming and costly.

In addition to the careful routing of the wiring and wire bundles, proper
electrical grounding methods must also be established.

Shock/vibration requirements are often overlooked during the installation
design phase. It must be remembered that isolation mounted equipments need addi-
tional space in which to be mounted, due to vertical and horizontal movement. This
movement also requires additional cable and wiring lengths.

3.1 Interrelation of Systems

In order to produce a safe and efficient instrumentation system, the
engineer must carefully design the installation interface. The mechanical and
electrical interfaces must preserve the integrity of both aircraf!t and instrumen-
tation systems.

3.1.1 Mechanical Interface

Mechanical interfaces include the installation of all the system compo-
nents and their interconnecting cables. Each component must be carefully placed
within the aircraft and fitted so that the possibility of mechanical interference
of moving or free-to-move parts which could cause malfunction or damage is avoided.
For example, shock/vibration mounted equipment is often quite free to move. In
these circumstances, a full scale mock-up itu very helpful.

3.1.2 Electrical Interface

With complex systems that are electrically powered there is always the
possibility of creating designs in which power intended to actuate one component
may be inadvertently applied to some other component. whenever possible, it is a
good practice to isolate electrical subsystems from each other. However, this is
not always practical and electrical system design should be carefully reviewed for
the latent sneak circuit. Also, there is the interface that exists between power
generation or conversion equipment and their various electrical loads. It is
possible that two different components do not have proper grounding or grounding
isolation. Although sometimes difficult to simulate, electrical mockups can be a
valuable tool in developing compatible electrical interfaces.

3.1.3 Electronic Interface

An aircraft is very often "over-loaded" with electronic equipment of
various types. As a result, an instrumentation installation can experience serious
problems due to ground loops, common-mode and other types of interference. Proper
design may minimize this through isolation and shielding of sensitive wiring com-
ponents. This procedure is best done during the development of the installation
design. Even then, however, it is usually necessary to work with the final instal-
lation to reduce interference to an acceptable level.

.3.1.4 Integrated Design

From the viewpoint of weight and performance, a high degree of integra-
tion (multi-purpose chassis) in the basic installation design looks like a good
engineering practice. However, this type of approach should be carefully con-
sidered and connector interfaces kept to a minimum. Highly integrated systems
not only require additional engineering and development but the design deficien-
cies do not usually appear until late in the installation and during the final in-
tegrated checkout. Further, integrated system checkout is more complex and
usually expensive.

3.2 Design Management

Most instrumentation installations are one-of-a-kind and must be speci-
fically designed for the particular application. The completed design effort is
made up of many tasks that must be carefully coordinated. In order to properly
manage the total effort, various controls must be levied on each effort. An
effective means of accomplishing this is to standardize the majority of components,
connectors, and wiring used. By using this technique, volume, weight, power, and
reliability can be predicted.
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3.2.1 Available Installation $Dace

Because the center of gravity of an aircraft is fixed within specific
tolerances, the location of each piece of instrumentation equipment is important.
Furthermore, there are certain itum of equipment that can only be located in
specific spaces or regions. Other item have preferred locations, but can be
accomodated with som penalty elsewhere within the aircraft. SoL%-. these prob-
lems of location are eased if the equipment is reduced in size. also ef-
ficient to install the various equipments closely together to mini& ase wasted
space. This close packaging must be done carefully, however, to avoid arrangements
that may complicate environmental and maintenance considerations.

In locating equipment, three-dimensional models or mock-ups are a valu-
able aid. If necessary, as the installation design develops, more sophisticated
models or full-scale mock-ups can be constructed to solve some of the more dif-
ficult sizing problems. The closer together electrical units can be placed, the
shorter the interconnecting wires will be, reducing both weight and volume.

3.2.2 Weight Control

most project managers start with the preconceived idea that all instru-
"mentation systems are overweight. If weight control is a problem, the standard-
ization method of selecting the items to be installed will be very helpful. Al-
though considerable progress has been made in miniaturizing electronic circuits,
very little has been accomplished that would save weight in the installation
hardware, such as wiring, connectors, circuit breakers, equipment isolation
mounts, attachment clamps, and so forth. This is due primarily to ýhe environ-
mental requirements imposed on both the equipment and installation hardware.

Experience has shown that regardless of careful weight control planning,
the estimated weight of the installation will gradually increase from the time that
the project has started until it is concluded. Typically, a 25X increase in weight
can be anticipated over a four to five year period. It would seem to be practical
then to allow for this weight growth. Consider the following suggestions for
minimizing the initial installation weight.

a. minimize redundant transducers and wiring.

b. Minimize the use of individually shielded wiring by using multi-
conductor cabling with a common shield.

c. Shield the interference source rather than each affected wire.

d. Use crimp connectors rather than soldered connectors and whenever
possible, use modular terminal blocks.

e. Minimize wire and cable lengths by careful equipment installation
planning.

f. Although wiring that uses aluminum conductors would be a great
savings in weight, its use is not recommended. (See Section
4.6.4.3.5).

These suggestions are derived from a generalized instrumentation in-
stallation. It must be assumed that the selected components that comprise the
data acquisition system reflect a minimum total weight.

3.3 Instrumontation Installation Diagrams

The development of an instrumentation wiring diagram is basically the
methodology of installing and routing individual wires and forming then into a wire
bundle (or harness). Installation methods are well controlled by a wide variety of
procedures and specifications that dictate specifics. Accordingly, these details
will not be repeated in this section. However, careful and thoughtfixl planning is
required to develop a good installation. For example, careful selection of con-
nector shape and size, connector contact assignments and standardized connector
patterns can simplify system installation design, improve system reliability and
ease inspection. Refs. (12, 13).

3.3.1 The Block Diaorm

The basic simplicity of the block diagram makes it an excellent choice for
presenting the related functions of a complex system. Such a diagram can show the
normal order of progression of a transducer signal for example, from its origin to
its final destination. In genatal a block, in a block diagram, represents one of
two things: (1) it may represent a space, component, or item of equipment; or (2)
it may indicate a system within any of those ite mentioned in (1) above.

For example, a block diagram may be used to represent the idea of an instru-
mentation system as shown in Fijure 3.3-1. In this example each block represents
removable components.
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TRANSUCER PwR CONTROL•, E XClT .%TION NO CLOCK - COCKPIT
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EXCITATION
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SERIAL DATA TRANS-
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SIGNAL INPUTS
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EXCITATION NO. N I ,SERIAL DATA OR TP
ISLMLEL DATA RLCORjER

SIGNAL INPUTS

Figure 3.3-1 Block Diagram Representing the Concept of an Instrumentation System.

In Figure 3.3-2 the block diagram is used to facilitate an understanding
of the internal electronics of a transducer power supply.

The instrumentation engineer
must carefully determine the contents
of the block diagram since it is
usually the basis for a wiring diagram.
In ^-ieral, the block diagram should be
key, simple and uncluttered. To achieve
this goal the instrumentation engineer _______

should limit the block diagram to as few 1 Ž
unrelated functiAne as possible. For
example, if the block diagram has been
drawn to show transducer signal paths,
do not include power distribution paths
unless the power distribution path is so
simple that adding it does not clutter up
the layovi OUTP- T

The followin9 suggestions are offered F
as an aspistance in developing a block
diagr'-

1. The block diagram is
often L ;asis from which the wiring AV N
diagram .1 be drawn. Use the block
diagram am a simple and accurate
reference for drawing the wiring dia-
gram. Figure 3.3-2 Block Diagram of the

Electronics of a
2 Categorize the infor- Transducer Power Supply

mation to be shown and dzaw as many Output.
diagrams -tay be required. For
example, w..-ag can be categorized
as suggested in Section 5.4.1. The
block diagram may be combined in accordance with the rules governing the wiring
categories.

3. The block diagram should be drawn so that functions progress from
left to right as shown in Figure 3.3-3.

4. The block diagram as drawn should be limited to squares, xectangles
and triangles. Rectangles or triangles may be used for amplifiers
as shown in Figures 3.3-4 and 3.3-5.

5. The diensions of the squares, rectangles and triangles should be
kept as uniform as possible. However, their size is not fixed,
since the size has no bearing on their importance.

6. A single heavy line should be used to show the path of signal pro-
gression from block to block.

7. Arrowheads should be used on the signal path to indicate the direc-
tion of signal progression, see Figure 3.3-4.
c. Som paths terminatshowncbymeants, such ts an darnas, and these
components should be shown by means of their standard graphic sym-
bols rather than by blocks.

9. if power distribution components are shown in the same block diagram
as signal sourcer, the power path lines should be of a lighter weight.
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For clarity of the diagram, do not use arrowheads on the power flow
path lines.

10. Descriptions of the components shown should be placed within the
blocks.

11. if possible, show the location for each component. Use dotted
line. for separation and label each location (Figure 3.3-5).

-41COWDI- TIMING ORDER OULT- J

Figure 3.3-3 Ktzample, block Diagram

CM -4 FILTER ~----
L -J

NONMAC'D X

CHANNELSRATOI

III I'
CANOWN" AA HNE

Figure 3.3-4 Rzxsqle. Block Diagrami
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PI LOT AIRBORNE IGROUND

AGC AMPLIFIER AGC AMPLIFIER
BASE • FM BASEBAND

LINKE
SQUARE I OO FILTECR

A RE t-OPAS lI COMAt•,RE IALTD

LOWPASS

Figure 3.3-5 Example, Block Diagram

The suggestions listed above reflect the routine procedures for preparing

a block diagram. Beyond these suggestions, the block diagram may take on any form.

3.3.2 Connection Diagrams

In many areas of the electrical industr.y, the older term "wiring diagram"
has been replaced b7 the newer t•er "connection diagram." At present, however,
both terms are still used interchiangeably. The following discussion will use the
terms interchangaably as suitable.

The different types of wiring or connection diagrars may be classified

according to their general layout as follows:

1. Point to point interconnect diagram.

2. Highway or trunkline diagram.

3. Block interconnect diagram.

4. Schematic diagram.

3.3.2.1 Point to Point Interconnect Diauran

In this type of diagram each wire is drawn from one component tu the
next; to connectors, terminals, and equipment. The wires are routed as direct as
possible and are generally drawn in vertical and horizontal directions as shown in
Figure 3.3-6.

Each wire, connector, contact, and component is carefully identified.
The components and equipments are
identified by appropriate symbols,
abbreviations, or short functional
titles. This type of diagram is AFT *LKNO INST. COM
often used in the installation of DISC DISC
add-on systems. Each connection 4j 5J

must be carefully identified so W
that it can be located within -. K- 0 o -X- E
the existing instrumantation -My- I i0_T. p
installation. -

3.3.2.2 Higag a Trunkline Inter- - -EL- H 10-1 L
ponnct Di4ramU

This type of drawing differs - E - a"from the point to point style in that 
T 0- •,~ ao •,

_4 U- - & - @

Figure 3.3-6 Point to Point Inter-
Connect Diagram.
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the wires are merged, or joined, into no @Lot".U~ AFT S1LUI 1"tl Cft

long single lines often called "mhigh- 0ISCDoeis

ways" or strunk~lines." This drawing T
ttchnique is shown in Figure 3.3-7.a
Thoes highays or trunklinem do not *,
necessarily conform to any specificL
bundles or harness. Tha choice is IkU

engieer.The xamle i Figre
usually left to the instrumentation
3.3-7 does not show any harnessmo

* ~~identification; therefore, the TWWI

trunkline technique was used to IWOU
Lsave drawing time anM space and T _41W aa ,NT ol

not to provide wiring harness INK*
information. *J

AVPE ~Um
3.3.2.3 The §lock Inter- C At

amo ancis:

The block interconnec- a OW - *K-
tindiagram is a comination of-4-L

the block diagram and the trunk- -

line diagram. Its purpose in to etC - I
poieequipment connector iden- _4M U-

tification and wiring harness 44C L1 %

qrouping, wiring harness routing,."ft-
and relative equipmeant location. T'.
An ezample of a t ical block ALIUE [LCO-
interconnection d pagralm is shown TRANS- _& -"M inc- oin Figure 3.3-8. A portion cUCER K- -
of Figure 3.3-7 is included. C &o

0 L 0aC0 - C

The block interconnection Zt
diagram can be used as a guideline forv

*instrumentation harness development f
* a~&.Ai installation.

Figure 3.3-7 Highway or Trunkline
Diagram.

SPI SP2

3P 9 4J 5j P 6

L S 
7S02

P2 ~ ~ ogý[:[:
FWO L T IS

~(Wft~-~KMO-6U-I-COMP-INTUNTBYO.
Figur 3.-7lcP2troncto iga

63 * .Sh Shmtc i2a

A scheatic iagra show the onnecionln h ucioso ici
aragmn yus fgahcsybl.Tedara osntsowtepyia2

reatoshp o hecmpnnt iti acrci. eerleis are shwniFigre3.-9 Sx trin ags reshwnalngthulet an egeofth
diaram itms A) hrogh(F) Ths cmbiatin o s~stc dagrm ed pin

to ~ ~ ~ ~ ~ ~3 4on iga sotnue ocaiyth prto ftasuesdrn n
stalatio chcku and duigtobesotn.Osev ht()hsbe no

tae toidcheate c thdxitgatisons thd cignalewiions poarity.fntin faici
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Figure 3.3-9 Use of the Schematic Diagram

an a Part of the Point to Point Diagram

3.3.4 Instrumentation System Wiring Diagrams

The wiring diagram is the beginning of a very complex process. The
release of the final wiring diagrams to the aircraft instrumentation technicians
will implement all of the choices and decisions made during the installation design
phase. These choices and decisions can be made easier, however, if careful prep-
arations are made prior to drawing the final instrumentation diagrams. According-
ly, the following discussion presents several wire routing procedures that can
assist the instrumentation engineer in optimizing the installation wiring diagram.

3.3.4.1 Preliminary Preparations

For purposes of this discussion it must be assumed that the instrumen-
tation engineer has a finalized measuriment requirements list in his possession.
This listing contains all of the required parameters, their range and total number
of transducers required.

The instrumentation engineer should inspect the aircraft as early into
the program as possible (see Section 2.1 also). The following examples will il-
lustrate the necessity for becoming familiar with the aircraft.

a. Environmental conditions - It is not uncommon for instrumentation
wiring and components to be located in a hostile environment. The
temperature, vibration, and pressure ranges of areas designed for
instrumentation use must be clearly understood. Extreme environ-
ments require special (and costly) wiring and components.

b. Available space - The space available for the installation of instru-
mentation wiring and components often determines instrumentation
size and installation methods. Access to these areas may require
special packaging and/or connectors. This is particularly true of
the smaller aircraft such as the fighter class.
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c. wiring and cable routing possibilities - Wire and cable routing is
dependent upon the location of each part of the instrumentation
sgystm. The location of pressurized compartments and structural
limitations can affect connector or lightening hole miz- which in
turn will affect maximum harness size. Indirect wire routings will
also increase the possibilities of unacceptable voltage drops due to
excessive wire lengths.

Following the aircraft inspection the instrumentation engineer should
have a better understanding of those requirements unique to the instrumentation
installation. The majority of the instrumentation systems transducers and system
components ran now be identified in a block interconnection diagram.

3.3.4.2 Component Standardization

For most applications the instrumentation system installation will use a
large number of in-house components. Standard components such as recorders, trans-
mittors, signal conditioners, power supplies, transducers, time code generators,
fuse boxes, and power distribution panels are typical examples. The importance of
the phrase "standard componelits" must not be overlooked. Each of these components
has been thoroughly tested and operationally proven. Their adaptability to a new
aircraft installation is a known factor. More important, however, is the previous
experience gained by using the "standard component." Its size, weight, and wiring
hook-up are well known and most important installation hardware is usually avail-
able from in-house supplies.

Using the identical component in a variety of instrumentation system
installations is a basic form of standardization. Since each of these components
is physically mounted and electrically wired in a similar manner, the installations
are simplified for the technician.

3.3.4.2.1 Transducer and Connector Standardization

Transducers and connectors are probably the best examples of components
that benefit from standardization. Standardization can minimize installation time
and facilitate maintainability. Figure 3.3-10 depicts several examples of in-house
transducers standardized to conform to a four-conductor color coded cable. When-
ever possible or practical the attached connector should be standardized so that
uniformity of color, pattern, and circuit function exist.

Standardization makes the task of drawing the wiring diagram easier and
minimizes the opportunities of making a mistake.

JI JI• GAN -.-. -- EXC L--.GRN 8-- - EXC

- -IT C +- SIG. -1S G.

TRASDUCE RED -A + EXC D XC

2z1 P 
vR5/4PCI5

PRESSURE TRANSOUCER TYPE PA 324TC STRAIN GAGE ACCELEROMETER
MODEL 4-202 OC 5VDC EXC

*JI JI.-. RN _ - X
-ISVDC GRtd . f13 - EXC

GND-,Lv D - SI G. i D - SI G,
+I1O" RED A + Exc

SIG OUT (S- WHT C + SG.C 6SG
E SHIEL D

-.-VR4PCI5 .VR5/4PCI5

ACCELEROMETER MODEL 4310 8 4311 ACCELEROMETER P/N 303TF20

Figure 3.3-10 Transducers With Standardized Connectors

Figure 3.3-9 is an example of transducer concentration in an area that
requires a wheel-well disconnect and an intervening connector at the aft compart-
sent.
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The wheel-well disconnect is a 50 contact rectangular connector. The instru-
mentation engineer can arbitrarily assign the connector contacts as shown in Figure
3.3-11. Assuming that the mating half of the connector is wired accordingly, the
diagram if implemented will provide trouble free operation. However, before power
is applied and the circuit functionally tested, it must be inspected by the tech-
nician and the electrical/electronic inspector. Using Figure 3.3-11 the inspector
will have to follow each color from each four-wire cable to its respective contact.
An arbitrary selection scatters the four colors throughout the connector. Figure
3.3-12 shows the se" connector with the four colors routed to carefully selected
contacts. The colors as shown in Figure 3.3-13 are uniformly placed in columns,
one cable for every two horisontal rows. The shields can be routed through on
contacts set aside for that purpose.

The same wiring procedure can be applied to the aft compartment discon-
nect which is in this example a 104 contact connector with the contact pattern
shown in Figure 3.3-14. This example shows the 104 contact connector using a
contact identification similar to that of Figure 3.3-12.

GRN - a-GRN - -
WHT -04 WHT C
RED A RE) A a A
8LK - LLK- D @@C{GAN - GRN -FF@E
RED C RED E @J@H
-LK - M BLK J L()K{ GRN N GRN -L N M
RED - RE KR @
91K --K LK - NS{ RN -S GRN -R0 0
WNTY T WHT SA
RED PRED UP
91LK tRj a1 T GIN4 RED

SLK WHT

Figure 3.3-11 Arbitrary Figure 3.3-12 Planned Figure 3.3-13 Colors
Contact Selection Selection of Contacts Aligned As Wired

in Figure 3.3-12.

Whenever possible, if all rectangular connectors are wired an shown in
Figure 3.3-12 the task of drawing the diagram and installing the contacts is made
much easier.

GN B D C 8 A
-WHT C J 0 H 0 F 0 E 0

642A4C BRED A

-BLK O M L 0 K
"GRN -F T 0 S 0 R P 0

643A4C _WTRED 0 XOWO V 0 UREDL- E 0 2 0 Z 0 Y 0
8L -L J

rGRN L 08 0 f 0 d 0 c
WHT - 0 1 0 7 0 h0

644A4C }'-RED K 0 j p 0 n 0
L-LK N- -- --{GRN -R 0 1 ~ r

645A 4C -RED8 WY S 0 0 _

51K - AC 0 AB 0 AAO Z.

rGRNI -v 0 AHOAFOAE C)AD
646A4C WNTT- W AM0 AL 0 AKO OA0

RED 0 ASOAR 0 AP 0 AN
81LK -X A :GRN -wZ 

AV0 AU OAT 064A .1 RWECT, 0OBA OA OAy OAx
647A 4C . R0 0 0 ii

OLK - I 0

Figure 3.3-14 104 Contact Connector, Aft Compaxtment Disconnect

[ , i
-- '--,-
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3.3.4.2.2 In-House Desianed Instru- CH 41 CM J42 C J3
mntation EZlent r[€ -A P"I-C A PC3-z ue•-A." - Pc

[ 1 € +4 C o +.1- C
The standardization con- _ 6. v -so

cept of color coding and connector ; L L .
contact assignment can also be ap- 2 •1 1 F 2 42  •
plied to the instrumentation equip- L L I I
sent designed and constructed in K 1K Ihouse. L 1 n L 3 4

M LM MI

Signal conditioning equip- r u •
ment is probably the best example 4 L. 5
of instrumentation equipment built Lr 'r :c ri T
in house. Figure 3.3-15 shows por- 4u r-c U
tions of the input connectors to 2 v2 ,v 4 I v
an eighty channel signal con- L W. v •

ditioning box. a Y i V

Channel 1 at connector k

31 shows the wiring pattern to be..,
+EXC (A), -EXC (B, +SIG (C), -SIG (D) 0 Z

~K
Referring back to Figure

3.3-10 and using the standardized 2
four conductor colors, red (+EXC), ! • z. "
green (-EXC), white (+SIG), black I €
(-SIG), J1, J2, and J3 will be wired 4[P2
as shown in Figure 3.3-16. Several 2
contacts in each connector were re- L
served for a shield bus and spares. ,0

As before, the drawing is
standardized and errors in wiring can
be more easily detected.

Figure 3.3-15 Excitation/Signal Polar-
ity Assignment at the
Signal Conditioner Input
Connector.

The output connectors J5 and A6 of the signal conditioning box are wired
as shown in Figure 3.3-17. The output signal polarity is shown at channel 1. All
other channels are wired accordingly.

CM J5 Ch. J6

4 A -P 4 A PCs - I
s* 3

C_ F I L - II
2o 75 2 C 5

3 E "[ 43 E 9

5 [ 0L - 20
4 M 23 - 4

N 25 46 N 25
E P 27 47 P 27
E 29 E 29

s 32 s 32
D C 8 A CHANNEL T PCI - 34 4L T PC-34

0 m OF 0 E 0  u
ONOMOL OK - 2 W W

TT
0 5O R O PO - X

0 x 0 wOvOu 0 PC2-1 49 Y PC-"• Iz E 5 49 Z 11

it02 k A Z 0 Y 0 5. 105
0 8 O0O0d 0£ 6 iO[ k- I o k E7
0 10010 h- 0E 9I 51 5-0 • -$ 14 t 1412 E:I 52 9 1

""9[ I II [j
E 25 54 h 25

OLK WHT GRN RED

Figure 3.3-16 Color Pattern on the Figure 3.3-17 Output Signal Polarity
Signal Conditioning Input Connectors, Assignment at the Signal Couditioner
J1, 32, and 33 Output Connector
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Using the standardized wiring colors shown in Figure 3.3-13, the output
connector color pattern should conform to Figure 3.3-18.

Although the above exam-
ples relate only to the signal con- CHANNEL
ditioning chassis, the same stand- D C B A
ardizing philosophy should be ap- j 0 N 0 F 0 E 0 ,

plied to all wiring connections. 0 M 0 M0 L 0 X @ 3. 4

Above all, be consistent because r Os 0 R 0 p 0 "- 5, 6
in being consistent the instru- 0 x wO0 0U • - ,
mentation drawings are predictable. bo o a0 Z 0 0
Predictability is a valuable aid - -

in troubleshooting installation 0 8 0 f 0 A 0 119,10

drawing and wiring errors. !L 0 0 7 0 h 0 11,12

-40 0 0 13,14

BLK WHT 8LK WmT

Figure 3.3-18 Color Pattern on -he
Signal Conditioning Output Connectors,
J15 and J6.

3.4 Instrumentation Subsystem Compatibility

When considering the compatibility of a subsystem with the electromag-
netic environment, both conducted and radiated interference must be considered.
However, for purposes of this discussion it is assumed that the instrumentation
engineer is responsible only for the conducted interference since this is a factor
within the scope of the installation design and under his control.

The operational capabilities of elictrical and electronic subsystems
require that data signals be free of interference (noise). The introduction of
noise into the subsystem can result in loss of data or as a minimum degrade the
overall subsystem operational quality. Careful installation methods are required
in order to insure low susceptibility, particularly to low frequency transients and
400 Hz induction fields. Ref. (14, 15, 16)(B3).

The material presented here provides basic suggestions for eliminating
some of the more common problems encountered in noise control.

3.4.1 Interference Coupling at Low Frequencies

Wires which are close to each other may couple energy from high level
wiring circuitry to low level wiring circuitry by induction field coupling. This
is a near field coupling phenomenon and is divided into magnetic and electric field
coupling. Theme wiring circuits may be located in the same wire harness or near
each other in separate harnesses. Low frequency coupling is considered to occur
with wire lengths one-sixteenth of a wavelength or lower, as related to the inter-
ference frequency. (See Section 3.4.3.2).

3.4.1.1 Magnetic-Field (Inductive) Coupling

Interference voltages are Induced into the wire by flux linkage origi-
nating from an adjacent source. The source of interference will be a generator
of magnetic flux which may be a transformer, a solenoid, or in most cases a cur-
gent carrying wire. The voltage induced into an adjacent wire or loop by a par-
allel wire of infinite length and carrying a current is diagramatically shown in
Figure 3.4-1, and mathematically expressed in Eq. (3.4-1).

6 r2
E = (1.257 X 10")fLI In r- Eq. (3.4-1)

r1r

where E = induced voltage, volts I -

f = frequency, Hz rI

L = length, meters

I = current, amperes

r and r 2 = loop spacing,

Figue 34-1Voltage Induced in
p = permeability of the transfer Figure 3.4-1 aLoop

medium = 1.257 X 10-6 Henrys/meter
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If the susceptible loop is at an angle rather than parallel to the interference
source, then some lesser value of E will result.

The significance of Eq. (3.4-1) is readily apparent. The induced voltage, E,
increases with the permeability of the transfer media, p; line length, Li loop
size, r,; interference current, I; and frequency, f. It decreases with separation
of the wires, rI. The equation implies that the magnetic-field-induced voltage

would continue to increase with an increase in frequency. However, the self induc-
tance in the wiring circuit prevents this. Use Eq. (3.4-1) for low frequency coup-
ling only.

3.4.1.1.1 Coupling Reduction Methods

To reduce the potential effects of the magnetically coupled interference,
further examination of Eq. (3.4-1) and Figure 3.4-1 will be helpful. Figure 3.4-1 as
shown presents the worst case condition consisting of a very large loop area due to
the parallel wire circuitry. Thus, for the conditions shown, the following steps
can be taken to reduce the coupling interference:

a. Reduce the value of I in the source circuit.

b. Reduce the effe'.tive loop area by reducing the loop length, L.

c. Vecrease the loop area by increasing the loop separation, r.

d. Apply both (b) and (c) above. In general the value of L cannot be sig-
nificantly reduced since it is presumed to be as short as possible. The
greatest improvement results from increasing r. until the wire length is
directly adjacent to the ground plane.

Use a dedicated ground return wire instead of the ground plane return.
This method will avoid the common-mode impedance coupling problem. However, the
subject of how and where to ground the circuit often arises. If grounding is
required it should be done at one point only as discussed in Section 3.4.4. If
both ends are grounded then the equivalent circuit shown in Figure 3.4-1 has been
recreeted with all its inherent problems.

In practice, purchased equipments often times ground their internal
circuitry to their chassis enclosure which in turn is hard mounted to equipment
racks and system ground. Since it is usually impractical to unground these inter-
nal circuits from their chassis, the ground loop can be avoided by using an iso-
lation transformer at their input, thus isolating the circuitry from ground at that
end.

By far the best practice is that of twisting the dedicated ground return
wire with the original wire. The twist or transposition of a wire and its return
is a very reliable technique for minimizing a difficult interference problem.
Twisted pairs of wire are readily available for aircraft use. Then, finally, route
the twisted pair close to the ground plane.

3.4.1.1.2 The Unshielded Wire Pair

Two wire pair configurations are shown in Figure 3.4.2. The upper signal
circuit illustrates a signal wire pair being disrupted by the magnetic and elec-
trical field from a source wire having an alternating voltage Vs and an alternating
current I a

- I* DISTURBING WIRE

C, C2  r, r2  AMPLIFIER

SI GNAL I
SOURCE R

GROUND PLANE%

"-- Is DISTURBING WIRE

C C 2 WI 1`2 AMPLIFIER

e SINAL .SOURCE R

OUDPLANE, .

Figure 3.4-2 Operational Concept of the Twisted wire Pair
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The current Ia produces a magnetic field which cuts both wires of the

sign&l circuit, thus inducing a voltage in the signal loop. The induced EFP is
proportional to the magnitude and frequency of I1 and the area enclosed by the

signal loop, but inversely proportional to r and r 2 . (See Section 3.4.1.1).

Since r1 and r 2 are unequal, the distributed capacities C1 and C2 are also unequal.

Theme related differences between r 1 C1 and r 2 C2 cause the electric field to pro-

duce a current Ix in the cignal circuit which develops a noise voltage across the

amplifier input resistance RL .

If the two conductors in the signal circuit are transposed (twisted) at
regular intervals, as shown in the lower part of Figure 3.4-2, then the distances
r and r 2 approach equality and the resultant loop area becomes very small. If

the twist per unit length is uniform, then the loop areas tend to be equal, and the
induced voltages, being equal and opposite, cancel each other. In addition, the
twisting together of the signal pair has made C1 and C2 very close to equal values,

thus reducing the effects of the electrical field ao that shielding the twisted
pair is less of a problem. (3ee Section 3.4.1.2)

A few additional coments regarding EDI-control for reducing magnetic
coupling in wires and cables will be helpful in order to develop a better perspec-
tive of the problems normally confronted.

The above discussion implies that a twisted-wire pair is the best form of
unshielded wiring to reduce magnetic coupling. There are exceptions; for example,
the equivalent return wire for a coaxial cable is its outer shield. Since this
sbhield is located around the inner conductor, its geometric location is concentrin
with the inner conductor. But since the outgoing wire is also located here, the
effective distance to the ground plane is zero. This could be interpreted as
saying that a coaxial cQble provides bette-r magnetic field isolation than a twisted
pair. In actuality, the better of the two can be determined from (1) the extent of
the magnetic-field gradient and (2) the uniformity of the twisted pair as compared
to the coaxial cable. In both of these requirements, if the twisted pair has high-
ly uniform twists per increment of length and the required total twists over the
total wire length, then it should perform better than a coaxial cable. The coup-
ling rejection offered by a uniformly twisted wire-pair is sho-An in Figure 3.4-3.

0
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•.- 30.-
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]figure 3.4-3 Coupling Gain Offered by a Twisted Wire Pair. Ref. (B5).
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3.4.1.1.3 Shielding a Cable from the Iffects of a Nagnetic Field

The usual shields used on shielded wiring do not provide sijnificant
protection against magnetic coupling at low frequencies. However, there are two
methods of reducing magnetic interference cbupling which are associated with shield-
ing: (1) magnetic flux from its source may be isolated from the pick-up loop by
high permeability materials or (2) the magnetic flux may be directed away from a
pick-up lVop by high conductivity materials. Recent developments in cable shield-
ing have made available braided shields that provide 20 d8 attenuation at 400 Ha
with minimum penalties of weight and flexibility.

High permeability materials restrict the flux leakage path from magnetic
components such as transformers and nay also be used to enclose susceptible wiring.
High permeability tape has been usind successfully to contain magnetic interference
from long lengths of power transmission cabling. (See Section 5.4.8.3).

Loop Orientation - Coupling between the source and pick-up loop is re-
duced to a minimum when the conductors are perpendicular to each other. However,
crossing cables at right angles in an aerospace vehicle is not always fea3ible.

3.4.1.2 Electric-Field (Capacitive) Coupling

In long cable runs, an appreciable capacitance can exist between adjacent
wires and from each wire to their shield or to the aircraft ground plane. Addi-
tional capacitance will exist at connectors and in the wire bundle. The voltage
induced into a wire from an adjacent wire is a function of these capacitances.
Figure 3.4-4 illustrates one concept of capacitive coupling between two adjacent
wires. Ref. (B3).

Referring to Figure 3.4-4, the interfering voltage EZ couples through the

stray coupling capacitance Cc to produce a voltage e9 on the adjacent wire. Both

wires have stray capacitance to ground as shown by Ca and Ch. Each wire is also

shown with its system load impedances Zl, Z2. Z3 and Z4 . The stray capacitances
Ca and Cb are in parallel with their load impedances. An equivalent diagram is

shown in figure 3.4-5.

cc
Z, C

Zb - 13 Ex ZC EEI4 ,

Figure 3.4-4 Capacitive Coupling Figure 3.4-5 Equivalent Circuit of the
Between Two Wires Capacitance Coupling Shown in Figure 3.4-4

If the cable load impedances are very high, the frequency spectra of the

voltages 10 and E9 may be affected by Cc and Cb. For example, the voltage r-atio

Zx/Zo as derived from Figure 3.4-5 is,
z . z x / z,
Ix ZxZbJ/(Zx +Zb)
_= M~+ 1 ./Z Z 0  Eq. (3.4-2)zo ic + ZxZb/(Zx +Zb)

as suggested, if Za in a high resistance load Rx, then

EX ccC c + I 2 + r 1 2 Eq. (3.4-3)

n c,
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A plot of this ratio against ZX = ax
is linear until the reactance of
C c+ Cb is approached by Rx, after CC
which the ratio asymptotically ap- A
proaches a value equal to Cc/(Cc + Cb). (C€

The plot of Rx/Eo against frequency
will have the characteristic shape
shown in Figure 3.4-6 for Zx = Rx. Eo
When Z contains inductive reactance,
resonances may cause variations in
coupling with frequency. Such
effects are most likely to occur at LOG f
higher frequencies. When Zx con-
tains capacitive reactance, it is Figure 3.4-6 Ex/Eo Plotted Against
equivalent to an increase in Cb. Frequency

3.4.1.2.1 Reducing Capacitive Coupling

The coupling capacitance Cc can be reduced by increasing the wire sep-
aration, using a shorter length of wiring or by shortening either wire in the bundle.
When shielding is used on the sensitive wire, a large increase in Cb occurs as well
as a reduction in Cc. The shield needs to be grounded at only one end to prevent
any low frequency interference.

An alternate but less satisfactory method of increasing Cb and decreasing
Cc is to reroute the sensitive wire with wires that do not carry interference
signals. This is an effective technique if it is applied during the installation
design phase. (See Section 5.4.1).

Lowering the input impedance Zx in the sensitive circuit is a very effec-
tive way to reduce Cc if it can be done by circuit design. The value of Zx must be
carefully controlled, however, because low impedance at both ends of the circuit may
contribute to magnetic coupling.

Another method by which interference may be cancelled out of sensitive
wiring is through the use of balanced lines fed by balanced circuits. The signal
wire and its return are maintained at the signal potential with respect to each
other and are equally balanced between the ground potential. The coupled inter-
ference voltage appears equally on both wires, 1800 out of phase, thus canceling
the interference. Two-wire shielded cable can be used to reduce this type of
interference coupling (see Section 5.4.4).

3.4.1.2.2 Capacitance Between Wires

The capacitance between un- CMCITV YU,•
shielded parallel wiring is shown in ALL OUTSIDE C0hOUCTOM
Figuze 3.4-7 for two configurations: A

two wires and a center conductor 70
surrounded by six others (see T
Section 4.6.4.2). The capacitance _M PAULLIL ¢0NDU€r
between parallel unshielded and
shielded wiring, for long lengths can
exceed the limitations for many cir-
cuits; for example, a very high speed
digital sampling circuit can be con-
promised by excessive transducer wire
capacitance. In either case, shielded _0

or unshielded, standard coaxial cable
can be used to limit this impedance.

Wire and cable manufacturers
quite often neglect to include the
capacitance per unit length of their
wiring when printing their brochures;
therefore, Figures 3.4-7 and 3.4-8
have been included to provide typical 0
shielded wire capacitance infor-
nation.

a 10 It 14 #4 lJ It t

Figure 3.4-7 Capacitance vs Wire Gage
for Cables of Two and Seven
Unshielded Wires.
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CAPACITANCE IN PICOFARAD PER FOOT (30 cm)

TYPE ONE WIRE TWO WIRE THREE WIRE ONE WIRE

SHIELDED SHIELDED SHIELDED DOUBLE SHIELDED

CONFIGURATION -**~*- x *x i~s -i"Z~--
WIRE SIZE Is IS 20 22 I6 1 1 20 22 20 22 22 22

CONOUCTOR 89 91 74 94 65 85 164163 60 52 9s 340
TICONDUCTOR(ANY (CONDUCTOR INNER SHIELDTO SHIELD (EITmER CONDUCTOR C0 CTOR TO, INNER TO OUTER
ptf/t(3Ocm) TO SHIELD) TO SHIELD) SHIELD) SHIELD)

CONDUCTOR
TO CONDUCTOR 42 40 36 37 36 30
pf/ft I30 cmI I I I I

Figure 3.4-8 Typical Capacitance of Various Types of Nil-Spec Shielded Wires

3.4.2 Interference Coupling at Hich Frequencies

High frequency signals may be defined as those for which the conduc-
ting wire lengths are longer than a quarter wave length of a given suspect fre-
quency. For example, the wavelength of 30 mfz is 10 meters and a quarter wave-
length is 2.5 meters. Thus, a conducting wire of 2.5 meters in length or longer
may be susceptible to interference at 30 mf. (See Section 3.4.2.2). For these
wire lengths the distributed reactances cannot be considered as lumped values
and standing waves may exist along their length. It is not useful to distinguish
between magnetic and capacitive coupling since these lumped value concepts cannot
be used because of standing wave and impedance variations. As a result, along its
length a wire could be sensitive to magnetic or electric fields.

3.4.2.1 Coupling Effects

The emphasis at very high frequencies is on minimizing the circuit wiring
dimensions of wire shield ground connections, by-pass capacitance ground leads and
similar wiring associated with low impedance circuits. It is mandatory that the
wiring of filters be carefully controlled to prevent inductive coupling between the
input and output of the filter, which renders the filter ineffective.

At high frequencies, any open-ended wire should be given careful attention
to determine if it is a pick-up point for high frequency excitation. Since small
stray capacities will provide effective coupling to a high impedance point at high
frequencies, wires can frequently be excited when they are attached to unused
connector pins or open switch contacts. At a quarter wavelength distance, such open
wires will be carrying maximum current and can readily couple into other wiring or
circuits by the fields generated. An open wire may represent an effective antenna
in the presence of stray electromagnetic fields. High radio frequencies are readily
coupled into power wiring either magnetically or electrically, depending upon the
standing wave which may be excited in the power wiring at the coupling point.

Conductive coupling is particularly difficult to avoid at high frequencies,
since multiple point grounding may be required. A very short length of wire can
represent an appreciable common inductive reactance to connected circuits. It is
particularly important at high frequencies to insulate shielded cable sheaths so
that they cannot make contact and form common return connections with other shielded
cables. The wiring to a by-pass capacitor may represent more inductive reactance
than the capacitive reactance of the capacitor, making it an ineffective by-pass
and altering associated filter design constants.

3.4.2.2 Grounding Concepts at High Frequencies

At high frequencies, grounding concepts must be directed toward massive
multiple grounding practices, since with single point grounding, standing waves may
occur on ground leads. All connectors must be electromagnetically tight to reduce
RF currents extarnal to the shield. A massive ground plane should exist between
equipments connected to the cable, and the cable should be carried close to the
ground plane. A second alternative is the maintenance of no other ground path than
the external cable shield between equipments; this is extremely difficult at very
high frequencies because of paths to ground through stray capacity and power leads.
The objective is to avoid RF currents to the external surface of the cable shield.
Such currents can couple signals into or out of the inner cable wiring. To reduce
such coupling, double shielding is frequently used in radio frequency cabling.

3.4.3 General Grounding Considerations

The aircraft ground system must meet the requirements for personal safetyan related to the electrical power system, lightning protection of equipment andelectromagnetic compatibility by providing a quiet, *earth" potentia comon/bus

for the grounding of electronic equipment. The latter requirement is met by the
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signal ground system am a part of the overall ground system. The signal ground
system must function as a ground over a wide frequency range, as determined by the
requirements of the instrumentation system.

Grounding techniques for the power systems and for lightning protection are
well developed and have been well documented. Signal ground systems, however,
still provide a problem area for the instrumentation engineer.

3.4.3.1 Power Grounds

?here are two primary concepts regarding power ground returns. Theme are
the structure comon return and the wire common return. In the structure common
return one side of the power system is grounded at the power source and all loads
use the aircraft frame or structure as the return conductor. In three-phase con-
nected ac systems the neutral is grounded at the source and all single phase loads
use the structure for the return circuit. The principal advantage of this concept
is the reduced weight resulting from the elimination of the many large gage power
return wires. The disadvantage of this common return concept is that it does not
distribute the power efficiently. The flow of currents throughout the structure
produces voltage drops within the structure. Although these voltages are usually
small as compared to the operating level of the power source, they are often of
sufficient magnitude to create potential interference problems in any electronic
system that chooses to use the aerospace vehicle structure as a power return. Even
systems using the structure as a ground plane for shield ground are subject to
induced voltages in susceptible circuits (see Section 3.4.4).

In the wired return concept all systems are grounded at one point only
and use wires for all return circuits. The wired return system eliminates the
vehicle structure as an impedance common to all systems and therefore greatly
minimizes the problem of ground loops which exist with the common structure return
concept. The reduction of ground loops and common impedance eliminates most of the
instrumentation system interference problems.

3.4.3.2 Single or Nulti-Point Grounding

instrumentation installations very seldom have only one ground. In fact,
in order to minimize instrumentation interference problems such as common mode
coupling, (see Section 3.4.4.2) as many separate grounds as necessary are used.
Ref. (B5). Separate ground planes for signal grounds, uhield grounds, and pri-
mary/secondary power grounds are desirable. These individual ground planes are
eventually connected by the shortest route back to the system ground point where
they form an overall system ground reference. This method of grounding is usually
called a single point ground.

The problem of using the single point ground method is in its implem-nt-
ation. For example:

a. Equipments throughout the instrumentation system use interconnecting
cables. These cables are often shielded.

b. Pasi tic capacitance exists between subsystems or equipments within
4- ,, ystem because each chassis is carefully grounded to the struc-
tare on which it is mounted. The result tends to compromise the
single point grounding attempt.

Cable shields and their grounds connect some of the subsystems together
so that more than one grounding path from a given subsystem to the grounding point
exists. At high frequencies, the parasitic capacitive reactance represents low-
impedance paths and the bond inductance of an equipment-to-ground point results in
higher impedances. The result is the possibility of common-mode current flow or
unequal potentials developed among the equipments in all subsystems. Ref. (17).

The circumstances that tend to prohibit the implementation of a single-
point ground technique support the idea of a multi-point ground. Thus, rather than
trying to control a- "ii. O'unds, shield grounds and so forth, if all subsystems
were heavily ', - a , *neous, low-i-pedence solid ground plane, common-mode
currents and o u, N' . blems would be minimized. The problem here is that it in
difficult to create a common low-impedance equipotential ground plane in an air-
craft.

In reality the choice of which type of grounding method should be used
can be resolved by pointing ;it that the single-point grounding method works better
at low frequencies and a mvl lint ground works better at high frequencies.

The decision to ..- msingle-point grounding or multi-point grounding
requires a determination of where the low and high frequency changeover point is
located for the subsystem involved. One method of determining this changeover
point uses the decoupling-voltage transfer curve shown in Figure 3.4-9. At the low
frequency end of the two curves shown the transfer curve shows a 6 dB/octave
slope. Typical experimental data is plotted with the calculated approximation
data. Two points are marked on the curve, one at A/16 and one eL A/4.
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Single point grounding in suggested for wire or cable lengths less than
h/16. Nulti-point grounds are suggested for line lengths longer than about X/4.
The frequency range between the two points is a non-linear transition region as
shown by the experimental data curve. Combinations of both single point and multi-
point grounding may be required for line lengths in this frequency region.

0

6 dbIOCTAVE
1 - AP*ROXMATION VIG APPO(.

S20 f
i ~ ~TYPICAL EXPERIKNM 'J

DATA WITH CABLES30 LENGTH ý;ONSTANT

NODES DUE TO STANDING
WAVES ON LINE

LOW FREQUENCY LOG HIGH FREQUENCY

Figure 3.4-9 Decoupling-Voltage Transfer Characteristics for Both
Calculated and Neasured Data

The choice of the point h/16 is somewhat subjective since the point
arbitrarily identifies the end of the linear portion of the experimental data
curve. There are some texts that select A/20 as this point. Ref. (15).
(See Section 7.4.1.2).

3.4.4 Data Signal Grounds (Low Level)

Al] low level (1.0 volt or less) measurement system must be provided
with a stable ground plane. Its primary function is to assure that electronic
equipment chassis are maintained at zero potential. A single point cannot have a
voltage since the word "voltage" implies a potential difference between two points.
Therefore, a system reference ground can be theoretically established by simply
selecting a single point somewhere on the system ground plane. Ref. (B5).

Signals can be measured with respect to the system ground plane only if
the system user can guarantee tha. all of the input signals will be fully floating
with respect to the system ground plane. If the input signals are referenced to
another ground, either accidently or deliberately, then the difference in potential
between the two grounds will either add or or subtract from the true value of the
signal being measured. To avoid this problem and to preserve flexibility, high
accuracy low-level instrumentation systema should be installed using full-floating
signal inputs.

When and if it is not practical to connect the signal source to the
system ground, then it is necessary to establish a second low impedance grounding
point. This second ground is generally called the signal ground. It is important
that the signal ground also be a low-impedance path in order to reduce the voltage
difference, the smaller this voltage difference, the smaller the common-mode vol-
tage.

The signal ground is frequently isolated from other grounding planes and
it is generally undesirable to connect the signal ground to the system ground
unless it is done with a low impedance copper bus or its equivalent and then at one
point only.

3.4.4.1 The Ground Loov s

A ground loop is createdSILO
by connecting together more than AMP
one type of ground plane to the
same circuit. As pointed out
earlier two separate grounds FO
are seldom at the same abso-
lute voltage. Therefore,
their potential difference
creates an unwanted current path F-FLOATING
in series with one of the G-0UI GRouuoN
signal leads as shown in Figure POTENTIAL DIFFERENCE
3.4-10. Actually there are two SIGNAA GONSYTMRUDground loops shown in this figure. SIGa. GADui SiSnfM Goouo

Figure 3.4-10 Improper Circuitry Show-
ing Two Ground Loops L
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The first ground loop con-
sists of Uhw potential di.'ference
path uxsting between the signal

T und and the system ground andrnseries with the lower -- pltfie-r

lead wire. The second ground loop
is shown by the heavy lines. The
path is through the shield from the
signal source to the amplifier. Al- WELD
ternating currents in the shield are SI4....
coupled to the signal pair through the 11 AMP
distributed capacity in the signal cable.
This current then flows through the die-.... --
tributed capacity in the signal source
impedance and to ground thus creating an G

additional noise signal. Eithor one of
these ground loops is capable of genor- '
sting a noise signal of sufficient magni- r-FLOATING

tude to obscure the low-level data signal. -- CMAU, GOUO•

r POTENTIAL OIFFERENCE
The circuit as shown in Figure SIGNAL UNOKIN SYSTEM GAOWDO

3.4-11 shown Figure 3.4-10 with the two
ground loops eliminated. The signal lead
wire ground loop is now open. The signal Figure 3.4-11 Elimination of Ground Loops
source and the signal cable shield are Shown in Figure 3.4-10.
grounded only at the signal source and
the ground loop through the signal cable shield has been eliminated by removing the
shield to chassis ground jumper wire.

The following guidelines can be derived from the above discussion:

a. A low-level data signal must have a stable system ground and a stable
signal ground.

b. Ground loops in either the signal circuit or the signal cable shield
can affect the operation of a low-level data circuit.

c. A signal circuit should be grounded at only one point.

d. The signal cable shield should not be attached to more than one ground
plane (or system).

e. Ground the floating signal circuit and the signal cable shield only
at the signal source.

3.4.4.2 In-ftase Sinale & Common-Node Voltaess

A signal that appears simultaneously at both the &alifier input termi-
nals with respect to a common reference point is referred to as an in-phase signal
or by its more popular name, a common mode voltage. Since it does not contribute
any useful data information to the system it must be classified as interference
(noise) and rejected.

Common-mode voltages are not unusual or a special problem. But they are a
constant source of aggravation that can occur in every low-level (less than one
volt) instrumentation system in that the amplifier sees only a complex signal which
is a combination of the data signal and the coemon-mode signal. To solve this
problem, differential amplifiers with floating inputs are used. The differential
amplifier rejects the common mode voltage and accepts only the data signal. The
performance rating of such an amplifier ability to reject the common-mode voltage
is called mcomaon-mode rejection."

The common-mode voltages that create the most problems in low-level
circuits are those generated by electromagnetic or electrostatic coupling in trans-

ducers and/or their signal wiring system.

3.4.4.2.1 Common Node Rejection.

One of the most important procedures to follow in eliminating noise in
low level systems is to assemble aircraft signal wiring so that any noise pickupwill appear equally on both sides of the signal wiring pair, remain equal and

appear simultaneously at both input terminals to the differential amplifier.

The following relationship shows how the wiring circuit conditions convert
some of the coemon-mode voltage into an error voltage which is combined with the
useful signal. (Reference Figure 3.4-12).iNEW



39

to '÷ u- R3 Eq. (3.4-4)

where:

as Signal voltage.

, m coinn mode voltage.

R Signal source resistance to alifier input terminal.

R2 a Signal source resistance to alifier input terminal.

R3 - Leakage resistance to system ground from amplifier input terminal.

%4 a Leakage resistance to system ground from amplifier input terminal.

Ins Normal mode voltage that is converted and appears across amplifier

input terninals A and D.

DIFFERENTIAL
AMPLIFIER

AR 2  A A

VOLTGEIEcm R3  R4

SIGNAL.d COMMON MODE VOLT. STE
GROUND GROUND

Figure 3.4-12 Coemon-mode rejection

As shown by Eq. (3.4-4) the common-mode voltage can be made zero if R3 and R4

could be made equal or infinitely large. Since these extremes are impractical to
attain, it then becomes important to assemble a circuit that comes as close as
possible. Accordingly, the following procedures are suggested:

a. Select a signal source that has a low output impedance.

b. Always use a "balanced line" from signal source to amplifier input.
(see Section 3.4.1.2.1).

c. Keep the signal wiring as short as poruible. (see Section 3.4.1.1).

d. Select a signal source which has a center tap on its output, if
possible. (see Section 3.4.4.2.2).

3.4.4.2.2 The Aeml&eifier ga Shield

Differential de amplifiers with floating inputs are generally designed
with an internal floating shield which surrounds the entire input section. This
floating internal shield is called a "guard shield" by most manufacturers.

The guard principle requires that the amplifier guard shield be driven
by the comon-mode voltage appearing at the two differential amplifier input ter-
minaIs. This mane that the guard shield must always be stabilized with respect
to the incoming signal pair. Referring to Figure 3.4-13, this can be done as
follows:
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a. Connect the amplifier guard shield to the signal cable shield and
make certain that the cable shield is insulated from chassis ground
or any part of the sytmgon.This assures that the internal
amplifier guard ahild is extended out along the entire length of
the signal cable.

b. Connect the center-tap of the signal source to the signal cable
shield. If the signal source does not have a center-tap connect the

sinlcable shield to the low or shielded side of the signal source.
Thsso stabilizes the amplifier guard shield and signal cable

shield with respect to the signal source. (Note: the center-tap
connection should not be used if the guard shield in the differen-
tial amplifier is permanently connected to one of its signal input
terminals).

C. Connect the signal cable shield and its tap at the signal source to
the signal or transducer ground which should be located near to the
signal source. Do not permit either the signal pair or the signal
cable shield to contact any ground point. This procedure limits the
maximum comon-mode voltage to aome value that is the difference in
potential between the signal (or transducer) ground and the overall
system ground.

d. Ground the amplifier chassis, the equipment rack if one is used, the
low side of the amplifier output and the output cable shield to the
system ground. This final step stabilizes the data acquisition
system with respect to the system ground.

CABLE SHIELD COWIECT CABLE SHIELD TO
PREAMPLIFIER INWU lUND SHIELD

AT TRANSDUCER' uROUNDE

STRANSDUCER PRE

FLATN INU

COMMON MODE VOLTAGE

TRANSDUCER SYSTEM
GROUND GROUND

Figure 3.4-13 Preamplifier with "guard shield" input

3.4.5 Reducing Conductive CH!

One of the most effective methods of reducinv the conductive ENI environ-
ment is through the proper harnessing and routing of wire bundles within the air-
craft. (See Section 5.4.1). During the design and layout of the aircraft instrua-
mentation installation each of the wires going to each of the sub-systems shoul d be
placed into bundles (harnesses) according to their classification, wires that carry
high power should not be put into the same bundle with those that carry data signals.
once the wires are put into bundles according to their function, they must again be
classified according to their subsystem interfaces. This is done so that all of the
wires serving one subsystem can have their shields returned on one wire and so each
subsystem can have its own ground return. -

Grounding systems are of particular importance because of their effect in
minimizing =I!. it is also one of the most difficult to deal with. The reason for
this is the fact that the various subsystemis in the aircraft have been built by
different people at widely separated locations. Each of the designers designs his
subsystem about a ground plane within the subsystem. This creates the problem of
segmented grounds which must be dealt with during the integration of the sub-
syst~ems. It is very important, from the standpoint of EKI, that these different
ground planes be made electrically the same as that of the aircraft. Any impedance
in the connection of theme ground planes to that of the aircraft is a possible
point for the development of noise, particularly in the common mode component of
the conductive EII environment. A method of reducing this problem that is worth
considering is the use of balanced systems. This entails the use of dc-to-dc
converters, transformer coupling input and output siqnals in each of the sub-
systems. This allows the subsystem designers to design about his own ground plane,
and for the subsystem to operate about this ground plane in the aircraft, since it
could be kept isolated. The overall effect of this approach-is to reduce the common
mode and self-induced ENI.
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conductive isolation in generally accomplished through the use of trans-
former coupling. This provides & high impedance path to all spurious sin~. The
ratio of transfer for the spurious signals can be shown to be the same as the ratio
of the interwindirig capacitance to the capacitance across the transformer.

The use of conductive isolation has advantages and disadvantages. The
advantages are that the use of conductive isolation greatly aids in the control of
SKI, provides a balanced system and reduces the need for bulky and power consuming
brute force filter techniques. The primary disadvantage is that it adds components
to the subsystem and this can cause a reduction in the overall reliability of the
equipment. These advantages and disadvantages must be weighed in determining
whether or not to use the technique.

Too many engineers use elaborate scheme. in order to control the reaction
of their equipment to noise. Some of these schemes reduce the overall reliability
of the equipment. Therefore, every effort should be made to use "simplicity" and
good comen soense.

It a proper amount of thought and research is put into the problem of
SKI, the troubles that arise when a system is assembled will be greatly reduced.
In the past these problems have been left to take care of themselves, the "cut and
try" methods have been used at the time that the system was integrated. A little
forethought and planning can eliminate the need for "fixes" at the last minute.

3.4.6 Bonding

Electrical bonding is the process of mechanically connecting certain
metal parts together so that they will make a good low reistance electrical con-
tact. Bonding is required to ensure that a system is electrically stable and
relatively free from the hazards of lightning, static discharge, electrical dis-
charge and to assist in the suppression of EF interference. In general, the re-
sistance of an electrical bond should be in the order of 0.0025 ohm.

Grounding refers to the establishment of an electrically conductive path
between a circuit and some reference point. The reference point can be earth, th~e
equipment enclosure, or the aircraft structure. Good grounding techniques depend on
good bonds. A uniform grounding philosophy is required to avoid conductive coup-
ling, low-impedance ground loops and hazardous operations. Refs. (17, 18, 19)(B5).

3.4.7 conduit Grounds

conduit ground is generally used to prevent personnel shock hazards and
to carry lightning current. conduits, however, can also be a source of interfer-
ence due to possible ground loops, conductive coupling, and/or poorly bonded con-
nections.

Conduits made from solid or woven strands of metal may be used effective-
ly to shield cables and wiring from RF radiation. However, to do so requires a
good bonding to ground.

A good RF ground requires a short, high conductance lead. The inductive
reactance of ground leads at radio frequencies requires a very short or leadless
ground to avoid high impedance connections. Each length of conduit should be
grounded at a single point. As the frequency increases even a relatively short
bond to ground tends to become an effective radiator.

3.4.8 The Bond Strap

Many articles have been written on the subject of the bond strap and it
is unnecessary to repeat available information. Ref. (20). However, from the
point of view of installing an instrumentation system a few coments regarding
their design may be helpful.

The best performing electrical bond is a permanent, direct, metal to
metal contact such as that provided by welding or brazing, for example. semi-
permanent joints, such as provided by bolts or rivets can provide effective bond-
ing. However, the relative motion of the joined members is likely to reduce the
bonding effectiveness by introducing a varying impedance.

Bonding jumpers are relatively short, either braided or stranded
conductors for application where interference, frequencies to be grounded are below
10 MHz.

To provide a low impedance path at RI frequencies, it is necessary to
minimise both the self-inductance and the residual capacitance of a bond so as to
maximize the parasitic resonant frequency. si.nce it is difficult to change the
residual capacitance of the bonding jumper and mounting, welf inductance becomes
the main controllable variable. Thus, bond straps are preferable to round bonding
jumpers of equivalent cross sectional area.

solid metal straps are usually preferred for the majority of applica-
tions. Braided or stranded bond straps possess some undesirable features. Broken
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strands may act as efficient antennas at high frequencies, and interference may bt.
generated by intrmittent contact between strands. Further, oxides may form on
each strand of non-protected wire and cause corrosion. because the corrosion is not
uniform, the cross sectional area of each strand will vary. The non-uniform cross-
sectional areas and possible resulting broken strands of wire may lead to gener-
ation of SRI within the jumper or strap.

A rather common use of the
bonding strap is shown here in
Figure 3.4-14. A bonding strap
is required to electrically ground 8OUE)"--
equipment that has been electri- BSSOCR
cally isolated from the aircraft -OUNT(REF)
structure by shock mounts. This ONDINGMOUNTING
bonding io required to ensure STRP STRUCTUREREF
that the equipment is electri-
cally stable and relatively free
from the hazards of electrical
static discharge and to minimize
RF interference.

Figure 3.4-14 Shock Mount Using a
The length of the bond- Bonding Strap

ing strap is its most important de-
sign criterion. The length is a major determinant in the bonding straps dc
resistance. The length also determines the impedance at higher frequencies.
Accordingly, both bonding jumpers and bonding straps should be no longer than
12.7 centimeters (5 inches) in length.

The width and thickness of the bonding strap are difficult to assess.
But since the strap needs vertical and some horizontal flexibility it becomes
apparent that the limiting factors are more mechanical than electrical. In gen-
eral, a good mechanical design and proper installation will provide a satisfactory
electrical design also. A useful guideline for achieving minimum bonding strap
impedance (inductance) is to use a length-to-width ratio of approximately 5:1.
Figure 3.4-15 shows the influence of bonding-straps and an AWG size 12 wire. Their
impedance is compared as a function of frequency.

The metal used for the bonding strap should have low resistivity and be
reasonably strong so that it will not fail during no~rmal vibration and shock.
Further, it must withstand whatever stresses may be imposed upon it during in-
stallation and equipment maintenance. Ref. (B3).

CURVE A- Solid Bond Strap 100
Length: 12.7 cm (5 inches)
Cross-section: 0.2 cm .:

(0.08 inch) diameter.
AWG size 12 wire

CURVE B- Braided Bond Strap -.-

Length: 12.7 cm (5 inches) .. :
Cross-section: 2.54 x 0.16 cm X

(R x 0.063 inch) 10.
Z ~ ~ ~ ~ fl 1 0 11I|[ ][

CURVE C- Solid Bond Strap -;!
Length: 12.7 cm (5 inches) W Olt"

Cross-section: 2.54 x 0.0076 cm U
(I x 0.003 inch) a 3 lit

W

"W .3 I I II .• ] IIII

A I I

U 0

00 . L

.03-Iltlll I1I1 III

.01. • LIE l 11 fI!11

100ma 300 IMHZ 3 IOmml 30 IO0MHZ

RADIO FREOUENCY

Figure 3.4-15 Impedance of Wire, Braided and Solid Bond Straps. Ref (B5)



43

3.5 Prat~ecl4ve isolation systems

Sensitive instrumentation equipment is normally designed with integral
mechanical isolation systems. However, in some circumstances isolation systems are
not provided am gart of the design. Accordingly, the instrumentation engineer
should be familiar with some of the standard isolation methods.

In sa cases the sok and vibration forces are so severe that it is not
practical or evee possible to design an equipment structure to withstand the en-
viroiment. in much !:&sea an isolation system must be used to bring the force. to
within tolerable levels. Isolators are used for equipment isolation, dampers may
be used to reduce peak amplitudes and special stabilizers are used when an unstable
configuration of equipment is involved. Refs. (B2, B6, 21).

3.5.1 Shock and Vibration Damping

Damping is used to reduce shock and vibration amplitudes by dissipating
som of the energy in the form of heat. Further, damping reduces resonant ten-
dencies of structural members. There are four basic types of dampers:

1. Hysteresis

2. Viscous

3. Friction

4. Air

3.5.1.1 Hysteresis D M in~j

Hysteresis damping is the result of the gradual dissipation of energy
that occurs within a flexing body due to imperfections in the elastic properties of
materials. In a material that is not perfectly elastic, the strain energy is not
recovered fully at each removal of stress. The energy lost is due to hysteresis
and is dissipated in the form of heat.

3.5.1.2 Viscous Damping

Viscous damping results from the ipposing force that a fluid generates to
resist a change in motion. All fluids have an internal friction that resists
relative motion between particles. The type of device that uses viscous absorption
of shock and vibration is similar to that discussed for air damping in section
3.5.1.4.

3.5.1.3 Friction Damping

Friction is the force which acts between the contacting surfaces of two
objects and tends to resist their sliding motion. If the resistance to sliding
prevents motion of one of the objects relative to the other, it is called static
friction. If the resistance opposes the motion of both moving objects it is called
kinetic friction. The force required to overcome static friction is shown here in
the equation:

Fs ZC F cEq. (3.5-1)

where

Fs= The force applied in the direction of motion, just sufficient to start the
object moving.

=a The coefficient of static friction is a constant for a given substance under
given conditions.2

Fc =The force pressing the friction surfaces together.4

A force, F kP required to move an object with uniform velocity against friction is

defined by:

where

C k = The coefficient of kinetic friction

if C5 is equal to C, the frictional force in defined as Coulomb friction. In
general, friction materials do not provide a constant frictional force since the
static friction does not equal the kinetic friction. Mathematically, however, in
considering friction damping, it is assumed that the frictional force is constant,
regardless of the position or velocity of the vibrating mass.



The Coulomb damping force is of a constant magnitude and is independent
of displacement. Since the damping force is constant, this type of damping should
not be used in a system that is excited at resonance unless the driving force is
known to be less than the frictional forces.

3.5.1.4 Air Damping

Air damping results from the direct transfer of energy from a vibrating
system to air. In comparison, air damping is a form of viscous damping. At room
temperature, air has about one-fifteenth the viscosity of water and the damping
obtained is very small compared to other forms of viscous damping. As a result,
air dampers are preferred over friction or viscous dampers only for isolating light
weight components.

A useful type of air damping system is the orif iced dash pot. This type
of air damping system does not rely on air viscosity alone. since the damping
system uses trapped air rather than free air, adiabatic and turbulence character-
istics of air also become factors in its operation. The principle of operation is
shown in Figure 3.5-1.

The damper is composed of a piston that fits tightly against the walls of
a cylinder that has two holes at the top. Movement of the piston causes pressure
changes within the chambers that force air out through the holes (orifices).

Air damping is incorporated
into isolation mounts by means of a
bellows that forces air through a
hole as the bellow is distorted by
the relative movement between the
equipment and the mount. The force
required to move thet air through
the hole is lost by the system and
limits the amplitude and resonance./

A bellows sealed except
for a hole is effective for motion
in both the vertical and lateral
directions. For example, the
damper supported mass moves
down, the bellows flattens and
its volume is decreased. This
increases the bellows internal
pressure and air is forced out
through the holes. As the damper
supported mass moves up the re-
verse occurs and air is forced
into the bellows through the holes.
Lateral movement results in similar
type of internal pressure different-
ials causing distortion of the
bellows and thus effecting a damp-
ing action.

The column and wall thick- Figure 3.5-1 Principle of a Bellows
ness of the bellows are critical fac- Type Air Damping System
tors in the design of an air damper.

if the walls are too thin they will stretch during internal pressure build-
up. The thicker the walls, the higher the shock-transmission factor.

It should be remembered that air damping generally has altitude limita-
tions and cannot be used at high altitudes unless it is used within suitably
pressurized compartments.

3.5.2 Isolators

Isolators used for airborne equipment may be categorized according to
their construction and material used in the flexing or resilient element. The
resilient element can be rubber, woven metal mesh, a coil spring or a combination
of woven metal mesh and coil spring. The isolator performance is dependent upon
the combinations used in the basic design.

3.5.2.1 Vibration Isolators

Vibration Isolators do not depend upon the dissipation of energy in
performing their function of force or motion reduction. The operate on the prin-
ciple of permitting the mounted equipment to move as it tends to move in response
to the applied forces and to its inherent inertia. Isolators have relatively low
stiffness to permit this motion of the equipment to take place without transmitting
excessive forces to the support. This lack of constraint permits the mounted
equipment to experience a relatively large motion if applied forces are large.
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3.5.2.1.1 
Rubber Iso:ators

Rubber has been used in isolators from the day that they were first
designed, although cork in also used in ground systems, and until World War II all
airborne applications used natural rubber. During the later parts of World War II
and since then synthetics have been used instead of natural rubber and for most
applications synthetic rubber possesses qualities thiaf -arefar superior. For
example, rubber synthetics maintain their elasticity and tensile strengths at
higher temperatures better than natural rubber. In addition, the synthetics are
less likely to deteriorate when exposed to oil.

The deflection of the rubber isolator tends to increase with time under
conditions of continuous wear, particularly at elevated temperatures. This ten-
dency to distort is known as drift or plastic flow. In an airborne environment
this drifting can eventually result in a "bottoning-out" of the isolators during
high amplitude vibration. For a properly selected rubber mount, the wearing should
be conservative enough to compensate for drifting. Most manufacturers of isola-
tion mounts include drift data as part of the descriptive literature.

0 There are two general types of construction for rubber isolators: open
and cup types. The open type consists of a molded rubber form bonded to a metal
mounting flange and a core. The core or cylinder is in the center of the isolator
and attaches to the equipment. (See Figure 3.5-2).

SQUARE DIAMOND ROUND

A

A AA* A

Figure 3.5-2. Examples of Rubber Isolators

The cup-type isolator has
the rubber resilient element and its
core enclosed in and bonded to the cup
which acts as a housing. This design
has the advantage over the open type
in that if the resilient element fails,
the cup and core will hold the equipment SUPPOETME
captive. The principle of operation is MEBR

shown in Figure 3.5-3.

3.5.2.1.2 Metal Sprina Isolators

The metal-spring type of SUPPORTINGG
isolator is shown in Figure 3.5-4. MB 7

Figure 3.5-3 Cup-Type Isolator Principle
of Action.
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ANODIZED
ALUMINUM ALLOY
INNER MEMBER ANODIZED

ALUMINUM ALLOY
SNUBBING COLLAR OR CADMIUM PLATED

STEEL HOLDER

NYLON FRICTION
CADMIUM PLATED DAMPER SEGMENTS

LOAD SPRING STAINLESS STEEL
GARTER SPRiNG

ANODIZED
ALUMINUM ALLOY STAINLESS STEEL
BOTTOM PLATE DAPR SPRING

j Figure 3.5-4. Metal-Spring Isolator, Cup-Type.

Metal springs do not drift, are least affected by temperature as en-
countered in aircraft equipments, and have a relatively long service life.

This type of isolator requires an auxiliary damping device, which may
be a vented bellows, metal mesh or a friction damper as shown in Figure 3.5-4.
The design uses a combination of damping devices, the nylon friction damper and
a damper spring. (See Section 3.5.2.2).

3.5.2.2 Shock Isolators

Shock isolators have stiffer springs than vibration isolators and there-
fore have a higher natural
frequency. The resilient ele- Table 3.5-1 Comparison of Shock
ments of shock isolators are al- Vibration Isolator
ways non-linear, while it is not characteristics.
uncommon for a vibration isolator
to use a linear spring. Some of the
characteristics of shock and vi- SHOCK ISOLILTORS VIBRATION ISOLATORS
bration isolators are compiled in 2-0H aua -5H aua
Table 3.5-1. 2-0H aua -5H aua

frequency. frequency.
Shock isolators are used

for equipment mounts ia environments Lesilient elements Resilient elements
where vibration is much less of are very nonlinear. are linear or nonlinear.
a problem than is shock. For
example, the shock isolator Natural frequency Natural frequency
characteristics shown in Table changes with waip- changes little or not
3.5-1 are not generally used litude vibration, at all with amplitude
for protecting equipment in vibration.
manned aircraft. For environ-
ments experiencing high-amplitude Very little pro- Provision for equip-
low-frequency vibration, the use vision for equip- ment movement.
of shock isolator. can be more ment movement.
detrimental to the equipment than
rigid mounting. In conventional
aircraft, severe shock is usually
accommodated through the use of modi-
fied vibration isolators. some of the methods used consist of a vibration iso-
lator designed with stiffer linear spriruJs or an adled damper spring.

3.5.2.3 A Brief Comparison of Shock and Vibration isolator.

vibration isolators are ineffective against shock, arnd shock isolators do
not protect equipment from vibration frequencies below the 42 times the isolator's
fundamental frequency. Therefore, the selection of the proper isolator depends on
the frequency and magnitude of the mechanical excitation and quite often requires
a compromise that will best. satisfy the requirements.

Two idealized curves for the vibration, amplitude of isolation mounted
equipment are shown in Figures 3.5-5 and 3.5-6. Curve A shows the response of equip-
ment on soft vibration isolators having a natural. frequency of 8 Hz. Curve B shows
equipment mounted on stiff shock isolators with a natural frequency 25 Hz. Isolator
A, with a fundamental frequency of a Hz, begins to isolate at about 12 Hz. Isola-
tor B, with a fundamental frequency of 25 Hz, does not offer any protection from
vibration below 35 Hz. (25)47 = 35 Hz. Therefore, to protect against frequencies
below 35 Hz the soft isolator of the type A is required.
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Figure 3.5-5 Response Curves for Figure 3.5-6 Force/Deflection Curves
Two Types of Isolators. Ref (B2) for Isolators in Figure 3.5-5

Ref (B2)

3.5.3 Stabilizers

While not strictly isolators, stabilizers perform an important function in
the protective environment. During resonant or shock conditions, tall equipment, for
example, that is bottom mounted can sway. A stabilizer can prevent this from happen-
ing. The stabilizer effectively has no stiffness in the vertical direction. Hori-
zontal stiffness is providei by a resilient predesigned element that buckles under
a light horizontal load. It buckles again under further increasing horizontal load
and then stiffens slowly in compression under severe horizontal loads.

The stabilizer is placed between the equipment and rigid supporting struc-
ture as shown in Figure 3.5-7. Also shown (in the circled enlargements) are the char-
acteristic movements during horizontal shock conditions.

7p

- STATIC CONDITIONS SHOCK CONDITIONS

J

Figure 3.5-7 Stabilizer Under Static and Ho~rizontal Shock Conditions. Ref (B2)
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4.0 SELECTION OF INSTALLATION HARDWARE

The word hardware as used in this section refers to the wide variety of
support items that are used to install, connect together, and protect both elec-
trically and environmentally the major parts of the instrumentation installation.
In order to illustrate some of the problems that may arise during hardware se-
lection, several items common to all installations have been selected for dis-
cussion.

The hardware items discussed in this section were chosen on the basis
that these items, perhaps more than any others, are not always given proper
attention during the selection process.

4.1 Connector Selection Considerations

During the design of aircraft instrumentation systems, the selection of
connectors is often set aside until other more apparent decisions have been made.
Yet proper connector selection is as crucial to reliable instrumentation system
design as are the active and passive components that make up the rest of the sys-
tem.

Many engineers are indifferent to connectors. This attitude is encouraged
by conflicting military specifications and the proliferation of poorly written
vendor catalogs. Most of the system application problems result from the inability
to determine the connectors' environmental capabilities since qualification tests
are not written as they occur in real life. Consequently, laboratory testing often
provides highly unrealistic results.

The interfacing of a connector with system components is a critical
factor, for this is where the majority of operational problems occur, problems such
as the type of connector contact, electrical performance, and connector mismating.
For example, an engineer may be very careful in selecting a connector with the
proper environmental and electrical capabilities and yet completely overlook the
design requirements for preventing connector mismating. The instrumentation
engineer must solve the problems that are left him by the connector manu-
facturer and the military specifications.

Prior to specifying the connector, a checklist should be made of all the
installation and system operational factors. The checklist serves as a basis from
which an adequate and reliable selection can be made.

4.1.1 Conflicting Military SDecifications and Vendor Catalogs

In general, connectors are selected after a process of comparative evalu-
ation, and the factors used in the evaluation reflect the user's needs and the
applicable military specification (or other similar sets of fixed requirements).
However, user experience is probably the best source of information about connector
performance. Just how important user experience is can be illustrated by comparing
published vendor data with vendor-quoted military specifications, as described
below.

Temperature range is a significant indicator of connector performance,
and for this reason is often used as a selection criterion. Figure 4.1-1 is taken
from a vendor brochure describing the performance of a low profile connector de-
signed to military specification MIL-C-38999. Note that there is no change letter
following the military specification
number. This indicates that the
vendor design relates to the basic
military specification, which was
released in October of 1966. Figure ISoo" NF AND
4.1-2 presents the applicable para- LOW PROFILE CONNECTORS...
graphs of the quoted military speci- MIL.C-3m
fication as they were written in , ea
October 1966. Lohmot/lowlirflh/we prf

. Euveueur eaitaat
The operating temperature .01.t t* m -w mp hm -2rC t +UWC (-851F to +38?F"

range of the connector described Crim cacts b the rw relese *tact retnul u seaab
in Figure 4.1-1 is "-290 C to +2000 C
(-85* F to +3920 F)". However, miniature circular connectors are
-290 C does not equal -850 F. There iiiiienlassan a designed to meet the critical per
is no way to know which temperature tormance and design requirements of MIL-C-38999. Engineered
is correct withoxut calling the vendor, for high density circuitr" capabilities, these connectors are

designed to operate at temperatures ranging from -29TC to
There is a similar discrepancy in the +200oC(-850Fto +392'F). They are readily adaptable to both
military specification. In Figure commercial and space age requirements where size, weight,
4.1-2 (a), the maximum operating tem- low-profiajjl. p proof design and high reliability aie key
perature for series IIB connectors is factors, connectors are offered in nine shell sizes. A

total of contact arrangements are available that will ac-
200* C (392* F), as quoted by the commodate from 3 to 128 contacts using AWG wire sizes 16
vendor. Ref. (22). The discrepancy through 2& Contacts are of high conductivity copper alloy with
occurs in Section 3.6.1 of the sub- gold plated finish.
ject NIL Specification where the
environmental temperature require- Figure 4.1-1 Vendor Data Quoting Mili-
ments are stated to be 1770 C (3920 F). tary Specification Performance and De-
Refer to Figure 4.1-2(b). sign Criteria
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1.3 Clas-ification. Conmectors. Connectors fabricated to this specifica-
tion are classified as follows:

a. Series:

I - LJT Grounded - 150°C (302F) Max. operating temp.

II - A. JT Low Silhouette - 1500 C (3020F) Max. operating temp.

II - B. JrS Low Silhouette - 200°C (392*F) Max. operating temp.

(a) Connector Classification.

3.6.1 Environmental Pequirements. Connectors shall be capable of satisfac-
tory performance, during or after, as applicable, subjection to the following
environmental conditions:

a. Temperatures from -550C (-670F) to 1500C (302 0 F) for Series I and
IIA connectors. Temperatures from -51°C (-67°F) to 1770 C (392 0 F) for Series
I1B connectors with the exception of solder-mount receptacles which have an
upper limit of 1500C.

(b) Connector Temperature Requirements.

Figure 4.1-2 NIL-C-38999, October 1966.

Figure 4.1-3 shows the current version of the military cPcification,
MIL-C-38999 (G), which was released in December 1977. In this version, the design
operating temperature range is stated to be -65*C (-85*F) to 2000C (392*F), indi-
cating that the lower temperature limit compounds the confusion caused by the
discrepancy in the vendor advertisement, because it looks as if the connectors have
been designed to meet the later military specification and not the one quoted.

This example demonstrates that the instrumentation engineer is at a
disadvantage if he must rely entirely on brochures, catalogs, or even military
specifications for meaningful connector performance criteria.

The instrumentation engineer, in addition to having to deal with incon-
sistencies in the stated performance criteria, must decide whether the equipment
will perform as stated in the environment of his particular application. In the
past, environmental specifications have always been especially difficult to inter-
pret for airborne system applications. The following questions illustrate the
types of factors that must be considered:

1.2.1 Design considerations. Connectors are capable of Satisfactory performance
luring or after, as applicable, subjection to the following environmental conditions:

1.2.1.1 Temperature. Temperatures from -650 (-850 F) to +2000 C (3929F) (see 1.3.1d).

(a) Connector Classification

d. Temperature ranges:
Series I and II: Finishes -

A - Bright cadmium plate over nickel (conductive) -65 0 to +150'C
(inactive for new design).

B - Olive-drab cadmium plate over a suitable umderplate (conductive)
-650 to +175 0 C.

C - Anodic (nonconductive) -650 to +200 0 C.
D - Fused tin, carbon steel (conductive) -650 to +150°C.
E - Corrosion resistant steel passivated (conductive) -650 to +2000 C.
F - Electroless nickel coating (conductive) -650 to +200 0 C.
N - Hermetic seal or environment resisting corrosion resistant steel

(conductive plating) -650 to ÷200°C.
Series III and IV: Classes -

C - Anodic (nonconductive) -65° to +2000C.
F - Electroless nickel costing (conductive) -650 to +200°C.
K - Corrosion resistant steel passivated (conductive) -650 to +200 0 C.
W - Olive-dreb cadmium plate over a suitable underplate (conductive)

-650 to +175SC.
Y - Corrosion resistant steel passivated (conductive) -650 to +200 0 C.
N - Corrosion resistant steel with electrodeposited nickel plating

(conductive) -650 to +2000 C.

(b) Connector Temperature Requirements

Figure 4.1-3 NIL-C-38999G, December 1977.
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Are the vendors' tests made using specified load current or do-rated
current? This is important, because quite often the connector is not evaluated
using all the connector pins.

Do the evaluation tests include all of the connector parts assembled as a
complete connector? Usually the test procedure is not explicit. Specifications
for testing often say merely that a "wired, mated connector shall be subjected....

Are the listed specifications meaningful? The data may not be relevant
for the intended application. Many specifications state clearly that the test
conditions are seldom directly related to actual environmental conditions.

Thus, before an engineer can decide which connector is proper, he must
read all related material completely and carefully.

4.1.2 Connector Environmental Considerations

The requirements of high performance aviation and missile instrumentation
have generated more realistic connector specifications. These specifications
reflect the need for connectors to withstand the combined effects of wide varia-
tions in temperature, shock and vibration, and atmospheric pressure and environ-
mental moisture. Further, some connectors may have to withstand corrosion, ex-
plosion, or physical abuse.

4.1.2.1 Temperature

As shown in Figure 4.1-4, with forced convection, the connectors avail-
able today not only operate continuously at 200*C (392"F) but can also maintain an
environmental seal against air and moisture despite thermal expansion and compres-
sion or thermal shock.

-480_25

S400 -0I0 .MIL-C-26500(USAF)
SIZE 22 WITH 55 NO. 20 CONTACTS

~~CONVECTION -•

320 ____

z -5

SFORCED CONVECTION'
+4 AIR VELOCITY 400 FPM IX

240

I-0

0160 __ _ _

2 MIL.-C-26482(ASO) -9'cSIZE 22 WITH 55 NO. 20 CONTACTS 0
I o 4 AOA .

X 80 
NTRso L 100%

S 02.0 4.0 6.0 8.0

CURRENT (AMPS1 FOR CONNECTORS PER MIL-C- 26482 8, MIL - C - 26500

Figure 4.1-4 Maximum Ambient Temperature versus Typical Sustained
Current Capability MIL-C-26482 and MIL-C-26500 Connectors.

For many years airborne (NIL-C-5015 and MIL-C-26482 type) connectors were
considered to be capable of operating in 1250C (2570F) ambient temperatures. This
interpretation was based upon thermal shock (i.e., temperatures cycling from -550C
(-670F) to 1250C (2570F)) rather than upon any consideration of the continuous current-
carrying capabilities at 1250C (2570F).

The need to provide connectors capable of continuous operation at high
temperatures required a careful study of the combined effects of temperature and
current as a function of time. As shown in Figure 4.1-4, the MIL-C-26482 con-
nector would have to operate in ambient temperatures well below 1250 C (2570 F)
when carrying any appreciable current.



Also shown in Figure 4.1-4 is the NIL-C-26500 type connector. The two
curves indicate a considerable improvement at 200"C (392*F) while carrying 50% rated
current. Notice also that the connector can operate continuously at 1250C (257"F)
at 100% rated current.

Figure 4.1-4 illustrates the sustained current capability of the connector
am a function of ambient temperature. The figure does not reflect connector contact
temperature, which is the sum of ambient temperature and the temperature rise due to
the flow of electrical current through the connector; this is shown in Figure 4.1-5
for a NIL-C-26500 series connector.

Figure 4.1-5 graphically illustrates the exposure time limitations of two
different connector sizes based on a contact temperature of 2390C (4620F). The
ampere ratings are taken from NIL-W-5088 0 for a wire gage of 20. For example, a
.12-pin connector can operate continuously at 120*C (250*F) with an individual
contact current of 7.50 amperes. However, the same contacts carrying 3.75 amperes
can operate continously at nearly 2056C (4000F). The limiting factor in the con-
tact temperature of 2390C (4620F). Figure 4.1-6 identifies the contact wiring
geometry for the connectors used in Figure 4.1-5. Ref. (23, 24).

- •12-pn conn"or
55-pin connector

30,D,, 3 75A 600

Ament ] Amenttemperature, 10 7.-1 3M0 tenmprture.

Oc 100 7.500O

0 .1 1.0 10 100 1000 0

Eoure time, hr

0 5 10 3U 60
Exposure tim, min

Figure 4.1-5 Connector exposure time and temperature limitations
based on contact temperature of 2390C (4o24F). Based on NIL-C-26500.

One of the most common errors in
selecting a connector is to dis-
regard the similarity of a wire
bundle and a connector. The
instrumentation engineer must 000000
remember that a single AN 20 0000000
gage wire in free air can 00000000
safely carry 11 amperes. This 0000000
same size wire in a bundle or 00
conduit can carry only 7.5 amp-
eres, however. The use of multi- 0000000
pin connectors like those shown 000000 0
in Figure 4.1-6 should be con- 0 0 0
sidered as a wire bundle and de-
rated, if required, for current
capacity. 55-pin connector 12-pin

Connector performance connector
is affected not only by tempera-
tures that are elevated for long Figure 4.1-6 Connector Wiring Geometry
periods of time, but also by wide Evaluated in Figure 4.1-5.
and rapid variations in tempera-
ture, or thermal shock which can cause elastomers, plastics, and metals to
expand or contract at different rates. This may cause seals and insulation to
fail, making the connector more vulnerable to moisture and corrosion.

"4.1.2.2 Shock and Vibration

Among the most severe mechanical stresses to which a connector can be
subjected are those induced by vibration. In general, connectors cannot be pro-
tected by external shock-absorption techniques. Instead, they must be self-damping
to prevent contact chatter.

The selection criteria for connectors that are required to withstand high
levels of vibration and shock are basically mechanical: the smaller their size and
weight the better. Careful consideration should be givan to vibration before
overly large connectors are selected. Furthermore, the connector specifications
should be checked to be certain that the vibration specifications are meaningful.I The vendor's test conditions often do not represent the environment in which the
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connector is to be used. A typical example are tests performed using only one
environment at a tine. Vibration testing should be done during temperature cy-
cling, etc.

4.1.2.3 Pressure and Moisture

Trapped air and moisture can both contribute to voltage breakdown in a
connector, particularly if pressure changes like those that accompany changes in
aircraft altitude are inv~olved. In aircraft applications, another environmental
factor must also be considered: Aircraft may fly only on sunny days, but the use
of toxic fuels may require that the aircraft be thoroughly washed with water after
landing.

A connector may be designed to be resistant to moisture, but improper
installation may destroy or degrade this resistance. Thus, careful consideration
of connector specifications and careful review of connector installation procedures
are necessary for satisfactory connector performance.

If operation in a low pressure/high altitude environment is anticipated,
the connector insert should be chosen accordingly. Properly designed inserts
provide an effective high altitude corona barrier as well as protection against low
altitude voltage breakdown.

4.1.2.4 Corrosion

In most aircraft, the bulk of the instrumentation system is located
within a confined instrumentation bay. Hiowever, some sensors and their connectors
may be subject to corrosive fumes or fuels, and these must be carefully selected.
In addition, in some aircraft the fumes from corrosive fuels may penetrate the
instrument bay. The connectors in all such areas must be carefully inspected
immediately before every flight. Intermittent circuit operation often indicates
that the connector pins are contaminated; under these circumstances the contacts
must be carefully cleaned. Therefore, the instrumentation engineer must review the
connector environment carefully and select the connectors that are appropriate for
these installations.

4.1.2.5 Explosion

The hazard in operating any electrical connector in an explouive atmos-
phere is possible sparking. The sparking that occurs while mating or demating a
connector can be isolated by using an explosion-proof connector that mechanically
isolates the contacts prior to mating or demating. This can be done by using a

Figure 4.1-7 Basic Explosion-Proof Connector Design

shell and insert design of the type shown in Figure 4.1-7. In Figure 4.1-7, A is
a compressible seal that forms with B as the connector shell is inserted. The pins,
C, do not mate until this seal is well established.

4.1.2.6 Physical Abuse

overly large connectors are often used as bulkhead connectors, and the
proper tool for their mating and denating is a web-wrench. Large pliers or jaw
type tools with teeth should never be used to mate or denate these connectors.

No doubt other environmental hazards exist that have not been mentioned.
However, the i.nstrumentation engineer should follow the same procedure in each
case: he should find out the requirements of the environment and select the con-
nector accordingly.

4.1.3 Seletion of Connectors

Among the considerations that affect the choice of connectors are the
appropriate connector and contact size and the appropriate connector type in terms
of connector configuration and contact material. In addition, the connector choice
should reflect not only present needs but also allow for future system growth.
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4.1.3.1 Contact BSie (Wire 0a9e)

signal and power wiring are routed through separate connectors, a prac-
tice which results in additional connector requirements. For exampl1e, wire gage
must usually be no smaller than ANl 22 or, in some codes, ANl 24 due to the minimal
tensile strength of the wire. This limitation may constrain the choice of con-

* nector and contact density.

4.1.3.2 Contact Materials

To permit an electrical connector to be repeatedly mated and demated, pin
* and socket contacts are used. These contacts represent one of the most important

parts of the electrical interconnection system. it in the responsibility of the
instrumentation engineer to design an adequate and reliable interconnection system,
because without good contacts, the interconnection system is useless.

Copper alloys are the most commonly used base materials for electrical
contacts. During the 1940's most contacts were silver plated. When requirements
such as prolonged storage became more common, the silver plating was thinly coated
with gold to prevent tarnishing and corrosion. However, the silver migrated through
the gold, corrosion occurred, and the resulting increase in contact resistance was
wrongly blamed on the gold coating. Ref. (25).

The time it takes for migration to occur can be extended by using a gold

plating of 762 x 10-6 to 1270 x 10O6 millimeter (0.00003 to 0.00005 inch). Further,
if several successive platings of gold are used, the contacts can be used at
ambient temperatures up to 2000C (3920F). Above this temperature, more expensive
materials such as rhodium must be used for plating. Unfortunately, however,
rhodium is not as good a conductor as gold.

Another difficulty with gold plating is encountered during soldering.
When gold plating on a contact is heated, an alloy forms with the solder. This
alloy has a high melting point, often creating a cold solder joint. Fortunately,
this problem can be avoided by using crimped contacts.

The use of gold and other precious metals for electrical contacts is
being re-evaluated for another reason: the high price of the metals themselves.
One way to reduce costs is to use less metal. For many years some specifications

have quotedia gold plating thickness of 2540 x 10- millimeter (0.0001 inch).
However, ths thickness specification has been reduced by half, as evidenced by
NIL-G-45204B. In fact, most non-military ground applications now use a gold

plating thickness of 508 x 10-6 to 762 x 10-6 millimeter (0.00002 to 0.00003 inch).

Another way to reduce cost is to use leaded nickel/copper as a base
material for contacts in place of brass, beryllium/copper and phosphor bronze.
Leaded nickel/copper is easy to machine, resists oxidation, solders readily, and,
according to the vendor's brochure, has low contact resistance.

4.1.3.3 Contact Resistance

Whenever there is an interconnection in an instrumentation wiring system,
the resistance due to the contact becomes part of tla circuit. However, contact
resistance makes up only part of the total resistance in a circuit, which consists
of source, line, contact, and load impedances. However, total resistance is often
difficult to determine. Vendors often neglect to state the contact size, maximum
current, test current, and potential drop, and refer the user to the appropriate
military specifications, which in turn often give information that is irrelevant
for the purpose.

Past experience has shown that contact resistance must be determined
analytically. Any attempt to actually measure contact res4-+ nce in an existing
electrical circuit in an aircraft will be less than sati. cry, because in order
to measure the contact resistance, the connectors somewhere within the inter-
connecting wire must be disconnected. Consequently, the resistance due to the
disconnected connectors cannot be measured. Furthermore, it cannot be assumed that
the resistance of a contact or circuit is the same before and after the circuit has
been broken. The resistance of a given contact no doubt changes each time the
connector is re-mated. Finally, the airborne environment may cause special prob-j lems not readily measurable on the ground.

Contact resistance is not readily determined, but in general, this is not
a problem, not because contact resistance should be ignored but rather because
actual resistance problems are more likely to be related to inadequate contact
seating, a defective crimp or solder joint, or a poor connector mating. Ref. (26).

To give an idea of the magnitude of contact resistance as compared with
* total circuit resistance, total circuit resistance can be expressed as follows:

R t 1Rwire * Rcontact *Reource +. Rload Eq. (4.1-1)
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where Rt represents resistance and R t is total circuit resistance. Then

the following values may be assigned for a typical example: 'Sure =2
ohms, R source 0 5 ohms, and R load a 120 ohms. For illustration purposes,
perform the calculation using each of three values for contact resistance:

R 10 x 10-3 ohms, Rcotc 20 x 10o ohms, and cotcR 30 3 io~ hms
Rcontact 1 cotc2cotc3 30x1

The equations for these three values of contact resistances are then as follows:

Rt = 2ohms +10 x10- ohms + 5ohms +l20oohms

-3Rt=2 ohms +20 x10- ohms + 5ohms+l120 ohms

and

RtS2 ohms +30 x103 ohms + 5ohms +120oohms

or

R = 127 ohms+ 10xl103 ohms

Rt=127 ohms + 20 x 10-3 ohms

and

Rt= 127 ohms.+ 30 x 10-3 ohms

Clearly, contact resistance is very small compared to total circuit

resistance.

The same point can be illustrated in another way. The percentage of

change due to contact resistance may be expressed as R contact x 100

the 1 I R 0

Therefore, for Rcota th effect of contact resistance is 10 271 -

x100 = 0.0079 percent. For Rcontact2 it is 20 x10-3 x100 = 0.0157
2 127

percent, and for R contact it is 3x103x 100 = 0.024 percent.
3 127

In the example above, a circuit with only one contact was evaluated, and
it was assumed that the connector was properly assembled and mated. in practice,
several contacts may exist in a single circuit. For extremely low voltage appli-
cation., however, such as in low millivolt sensor circuits, contact resistance
makes up a higher percentage of total resistance. in these applications, the
number of connector contacts should be minimized, particularly if the input imped-
ance of the sensor amplifier is less than or equal to 10(R contact)*

Contact temperature is the total of ambient temperature and the tempera-
ture rise due to the flow of electrical current through the connector. The effect
of contact temperature on contact resistance can be calculated by using the formula

Rt R0 (1 + Q(t - to)) Eq. (4.1-2)

where

Rt resistance of a conductor at the temperature t, ohms

RO resistance of the conductor at the temperature to, ohms

a temperature coefficient of resistivity, that is, the ratio of the change
in resistivity due to a change in temperature. The dimensions of this
quantity may be expressed in oham/OC/ohn or ohms/*F/OhM. .

For example, the temperature coefficient of resistivity, a, for an-
nealed copper is 0.00393. For a one percent increase in operating temperature,
the resistance will increase by nearly 0.4 percent.
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4.1.3.4 Contact TYPOs

conductors are usually attached to the connector pine and sockets (or
contacts) in one of four wayst soldering, crimping, welding, or wire wrapping.
lach has advantages and disadvantages in terms of quality, ease of performing the
connection, and speed of repair in the shop or field. Ref. (26).

* 4.1.3.4.1 Solderina

When properly done, a soldered connection is a nearly perfect joining for
* ~two conductors. Yet soldering does have disadvantages. Some of them are:

* A tendency to corrode. (Even resin core corrodes in the presence of
moisture.)

* The amount of training and certification required.I * The absolute necessity of cleaning the joint.

{ . The need for close temperature control.

The fact that soldered joints are only goad at temperatures up to 1490C
(3000F).

The wide variety of hand tools required.

4.1.3.4.2 Crimping

Crimping has become the most popular joining method for multicontact con-
nectors. Its advantages are:

It is noncorrosive.

Skill requirement. can be minimal if one type or size of crimp contact is
called for. (Experience is necessary to recognize the differences between
various types and sizes of crimp contacts; accordingly, this could be a
disadvantage.)

A joint can be adequately inspected visually (through the inspection hole
in the body of the contact.)

cleaning the joint materiala is not necessary.

* Field rework is easy, since few special tools are required.

* Because of the crimping tool's characteristics, the quality of crimping
is uniform.

* Crimped connections are light in weight.

* Crimping is fast arnd simple.

The disadvantages of crimping are as follows-

* The crimping tool requires an insert for each different contact gage.

Periodic calibration is required for the crimping tool.

Crimping tools are initially expensive.

A variety of tools and inserts must be available to handle the variety of

manufactured contact types.

4.1.3.4.3 Welding

Precision welding machines have increased the acceptability of this method
for joining conductors and contacts. The advantages are:

Welding can be automated, which provides fast, reliable joints and elimi-
nates many human factors.

The joints can withstand high temperatures.

The joints are strong mechanically, usually stronger than the wire itself.

Tedisadvantages of the system are:

* visual inspection is not practical.

Welding equipment is expensive.

cleanliness and surface preparation are absolutely essential.



56

* Specialized training in necessary.

* Field rework is not practical.

4.1.3.4.4 Wire Wrapping

The wire wrapping operation depends more on the tool than on the operator
for high quality results. Despite the advantages of the technique, however, wire
wrapping has not generally been accepted in the flight testing environment. The
wire wrapping operation ha. been accepted, however, as a reliable attachment tech-
nique internal to electronic chassis where the wrapped contact will never be dis-
turbed. The advantages are:

* The hand tools are inexpensive.

The procedure is fast and easy to learn.

* The wrapping procedure is nonchemical and nonheating.

Preliminary preparation of the wire wrap terminal and wire is not re-
quired.

Joints are field repairable.

The disadvantages are:

The technique generally requires the use of solid rather than stranded
wire.

Stranded wire, if used, must be presoldered.

Contact density is limited, particularly in ninature connectors.

Re-use of posts is limited.

* A wide variety of wrapping bits is necessary.

4.1.3.5 Connector Contact Requirements

During system installation design the instrumentation engineer must take
system expansion into consideration. Spare contacts must be available in each
connector. Thus, the requirement for spare contacts will affect the choice of
connector size and the quantity of connectors purchased. Typically, tUe number of
spare contacts required is 10 to 15 percent of the individual connector density.
The overall instrumentation connector and contact requirements should be continu-
ously reviewed to insure the availability of spares.

To permit future system growth or possible contact failure there should
be spare connector contacts for all of the wiring sizes used in the instrumentation
system and for all of the special purpose contact types, such as those used for
thermocouples. Further, during system instrumentation the connectors containing
the spare contacts must be carefully distributed throughout the installation.

4.1.3.6 Insertable Contact Type Connectors

Connectors that use crimp contactas, in which the contacts are both in-
sertable and removable, are usually assembled by the user. Extreme care is neces-
sary to prevent the contacts from being damaged. Cleanliness is also vitally
important. Small pieces of insulation can easily become trapped within the con-
nector or contact, preventing the inserted contact from seating properly. It has
been estimated that improper contact seating accounts for more than one-third of
all connector failures.

Connectors with insertable contacts can be assumed to be reusable.
However, this is true only as long as every contact position is usable. On oc-
casion, valuable connectors must be discarded because a contact cannot be removed
from the connector.

The connectors presently being used have removable contacts that are held
in place by a spring clip. The spring clip may be part of either the contact or
connector. Experience has shown that connectors using a contact designed with an
integrated spring clip can often be salvaged when the contact cannot be removed by
ordinary procedures. The salvaging procedure requires drilling and can only be
applied to the socket contact.

The process of removing a socket contact from a connector requires care-
ful alignment of the socket and drill bits. The procedure involves drilling out
the socket contact with a drill with a diameter that has been carefully selected so
that the socket walls are entirely removed during drilling. Careful alignment and
drill size are required to prevent damaging the insert material. The socket con-
tact provides self-centering for the drill as the drill is slowly fed into it.
After the socket contact has been drilled away, the remaining spring clip can
easily be removed.
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4.1.4 Procurement Considerations

Two of the most often overlooked criteria in connector selection are
procutement lead time and, to a lesser extent, procurement cost. A lead time of 8
months to 1 year is not uncommon for the purchase of certain types of connectors,
and during this period, prices usually increase at least once. Because of these
factors (time and money), enough spare connectors and the associated contacts,
shells, and so forth, should be oidir-ed initially. An additional reason for ini-
tially purchasing adequate spares is subsequent availability. Manufacturers ter-
minate the production of connectors, connector shells, and contacts without warn-
ing, and assess surcharges if the production line must be re-tooled. The cost of
re-tooling is usually prohibitive, thus precluding the purchase of spares.

4.1.5 Connector Selection Checkl.ist

The following factors should be considered when selecting a connector.
The checklist has been compiled from a wide variety of connector brochures and
specification listings and should only be used as a guide or reminder. The items
arh not in any special order, and some have not been discussed ii the text. Fur-
ther, the listing should not be considered complete. Ref. (26, 27).

What type of connection should be used (crimping, soldering, wice wrap-

ping or welding')

Will the connector seal before locking?

What provisions are there for cable strain relief?

Should the connector be polarized? (See Section 5.1.5 for definitions)

What contact density should be used? What gage contact and wire?

what environmental capabilities should the connector have?

What type of insert mAterial should be used?

Does tLe cnnn,ý-ctor demonstrate positive lock?

Should the connector be reusable?

Is the connector visually inspectable for correct assembly and correct
ins talla,. on?

Is the connector compatible with existing in-house connector hardware?

Is the connector compatible with existing applications (for example,
quick disconnect)?

Are the contact arrangements printed on the insert readable?

Is there provision for cafety wiring?

Does the connector have a satisfactory history of usage?

Are new tools required to assemble the connector?

What is the projected delivery time?

W hat is the overall cost of the connector? Is it complete in one sealed

and dated package or are sever, 1 purchases required to complete one
connector?

Does the connector provide a useful contact arrangement?

What is the physical lc~cation of the connector in the system?

Will the connector corrode, tarnish, oxidize, or contaminate easily?

Does the connector have surfaces that can be damaged during mating?

Does the connector design minimize the accumulation of moisture and other
contaminants?

Can the connector's shield termination requirements be met? Does the
connector meet contact requirements?

Does the connector have a standard (readily available) design?

Does the connector have enough spare contacts to accommodate spare wires?

, I
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* Is the connector under consideration the least expensive connector that
will meet all requirements?

* Is the lead time on the procurement satisfactory?

4.2 Selection of a Forced-Air Convection Cooling System

The high heat loads in closed compartments require the use of forced
convection to keep equipment temperature within acceptable limits. Natural con-
vection is not considered as useful under these environmental conditions. Forced
convection transfers the beat from an object at a much faster rate than is possible
by using natural convection.

The effectiveness of forced convection can be increased by providing
greater surface area, fins for example, over which the air is directed. The ad-
ditional heat transfer provided by fins more than offsets the slight increase in
resistance due to the metallic heat flow path of the fins. The following general
factors should be considered when using fine.

a. The fins should be made of a metal that has a high thermal con-
ductivity.

b. The fins should either be integral with the part or bonded to the
part with a good metal-to-metal contact so that there is a mini-
mum of heat path resistance.

C. Short, rather thick fins are more effective than long thin ones.
The temperature drop from the base to the tip of a long fin may be
appreciable thus tending to make the fin less effective.

Blowers used as a source of air motion for removing heat from equipment
can be divided into two general applications.

a. Blowers internal to the equipment.

b. Blowers external to the equipment. This type may be used with open
or closed equipment.

4.2.1 Factors That Influence the Choice of Blower Application

The application of a blower to the internal air circulation in pressur-
ized or closed vented equipments is determined primarily by the equipment internal
pressure and by the air flow requirements.

With pressurized equipment, the basic problem of heat removal rests pri-
marily with the ability of the blower to provide internal circulation of the hot
air so that it comes in contact with the inner surface of the case, thus effecting
a heat transfer. Such blowers usually operate at a fixed speed, resulting in the
same air circulation for all environmental conditions. With closed vented equip-

* ment, internal blowers with no means of speed control may be Used, provided that
at all environmental operating conditions the external heat dissipation from the
equipment case is sufficient to prevent equipment overheating.

Since the pressure level within closed vented equipment is reduced as the
altitude increases, the air flow capacity of the internal blower and its ability to
improve the heat distribution within the equipment is reduced. However, if com-
ponents within the equipment tend to reach their temperature limits, then a re-
quirement for increased flow rate is necessary. Such usage is limited since at low
pressure (high altitude) the blower required to maintain a mass flow of air con-
sistent with that of a higher pressure often contributes its own heat to the
significant temperature ride in the cooling air as it passes through the blower.

When blowers are used externally to supply ail flow over open equipment
surfaces the demands placed on the operating characteristics are considerably more
severe. It is entirely possible that sufficient air flow may be unobtainable for
large heat transfer requirements. Very careful evaluation of the equipment heat
transfer requirements and pressure drop is necessary prior to selecting a blower.
The blower should be selected on the basis of calculated air requirements at the
maximum operational altitude.

4.2.2 ExaMple - Determination of a Finned Heat Sink and Selection of a
Blower (Fan)*

Airborne electronic equipment requires sufficient cooling to prevent
destruction of components or degradation of performance. The most direct solution
to the problem would be to determine the cooling air required for acceptable tem-
perature rise of the equipment. However, these tests are often time consuming,

*cumbersome, and impractical. Another solution to the problem would be to test for

*Based on a memorandum by Leon H. Weirather, NASA Dryden Flight Research center,

Edwards, Calif., Apr. 5, 1971. L
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cooling requirements at laboratory ambient conditions and extrapolate to altitude.
Again, this is time consuming, and the equipment is not always at hand to perform
such testing.

Because of space and weight limitations, it may be desirable to pre-
select the heat sink and fan for some installations. The procedure given here may
be used to predict the cooling performance of these systems.

The approach suggested is directed toward the cooling of small to mod-

erately sized <645 cm2 (100 in 2 base area) sealed electronic packages which require
heat sinking for proper operation.

Assumptions

(a) There is zero thermal resistance between the electronic package and
the heat sink.

(b) All of the heat generated by the unit is transferred to and dis-
sipated by the heat sink.

(c) The heat is dissipated uniformly over the heat sink.

(d) The heat transfer is steady-state, and isothermal conditions exist.

(e) The ambient air (cooling fluid) temperat\re is always less than the
temperature of the heat sink.

4.2.z..1 Selecting the Heat Sink

Heat transfer by convection follows the relationship:

Q = hA (T1 - T2 ) Eq. (4.2-1)

where

Q = heat dissipated, watts

h = heat transfer coefficient, W/in2 C

A = area

T1 = equipment temperature, OC

T = air temperature, *C

Each material and mechanical bond or interface between the internal heat
generating components and the exte)Lnal cooling fluid presents a thermal resistance
or impedance to the heat flow. For most electronic equipment, the internal thermal
characteristics are not known. However, the total amount of power to be dissipated
is usually known, and an estimate can be made of the maximum allowable case temperature.
If a thermal joint compound is used, the case-to-sink thermal resistance is very
small for typical installations and can be ignored.

The thermal resistance (Rt) to convective heat transfer is 1/hA and Eq.
(4.2-1) can be written

Q !- (T T2 ) Eq. (4.2-2)
Rt 1 2

* or

Rt = (T1 -T 2 ) Eq. (4.2-3)

Using the power dissipation value and the maximum allowable case temperature rise
(T1 - T2 ), the required vea level heat-sink-to-cooling-air thermal resistance can
be determined from Eq. (4.2-3).

For laminar flow, convective heat transfer varies as the square root of
air density. Therefore, since

hA -p Eq. (4.2-4)

then
Rctý alt = Tq

(t) SL -- pa

From the relationship of Eq. (4.2-4), the thermal resistance at the required
altitude may be found.
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Now, using the thermal resistance value at altitude, the required heat dis-
sipating surface area can be determined from Figure 4.2-1. This figure shows the re-
lationship between the heat dissipating surface area and sink-to-ambient thermal re-
sistance for flat fin-type extrusions mounted in a vertical position. The curve is
applicable for a uniform distribution of dissipated power over the sink.

Most heat sink extrusion manufacturers specify the heat dissipating surface
area per unit length. After selecting the desired shape, the required extrusion
length may then be determined.

The foregoing procedure for determining natural convection heat transfer
is based upon laminar flow conditions. The flow may be turbulent in some installa-
tions, and the resulting "scouring" effect upon the stagnant boundary layer along
the fin surfaces increases the thermal transfer to the cooling fluid. Consequently,
the results obtained from the suggested approach are conservative in these cases.

At high altitudes, and especially if there is a considerable temperature
difference between the equipment and the surrounding environment, radiation may
have an appreciable cooling effect. It may therefore be advantageous to determine
the amount of radiation cooling experienced by the heat sink selected.

If we assume that an electronics package in an aircraft compartment is a
small body completely enclosed by a large body, then the amount of heat dissipated
by radiation is:

Q = Aea (T 1 4- T 2 4 Eq. (4&.2-5)

where

Q = heat dissipated, W

A = area, cm 2 (in 2)

e = emissivity of heat sink, 0.96

a= Stefan-Boltzmann constant, 5.672 x 10l 2 Watt/cm 2  K4

(3.657 x 10l 1 Watt/in 2-K I

T,=heat sink temperature, K

T2 =air temperature, K

The area in Eq. (4.2-5) taken to be the area of the base of the heat sink
since the fins contribute little additional radiative surface. An emissivity of
0.96, a value typical of painted surfaces, may be used for the heat sink. The tem-
perature to which the sink will rise due to radiation cooling may be found by solv-
ing Equation (4.2-5) for T 1 as follows:

(Q+AcT 4 ) 0.25
T1  kAt Eq. (4.2-6)

Radiation cooling is, of course, independent of pressure or density of the air.

4.2.2.2 Selecting the Blower (Fan) and Heat Sink Combination

In some cases, the extrusion length as determined above for natural
convection may be impracticably long. Forced convection cooling will then be
-desirable, if not mandatory. Forced air convection cooling depends primarily upon
the characteristics of the air flow, fin spacing, and the degree of coupling to the
air stream and is practically independent of other physical characteristics of the
sink. Therefore, a reasonably sized sink, compatible with the dimensions and
mounting requirements of the equipment, should be selected, and then the forced air
cooling requirements are determined for this sink.

From mass transfer relationships the following may be expressed:

Q=Kmc P (T I - T 2) Eq. (4.2-7)

where

Q =heat dissipated, W

K = coupling efficiency

m = air mass flow rate, lb/mmn

=p specific heat of air at constant pressure,
0.2 calories/grarA/OC - (7.62 W-min/lb*C)
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T heat sink temperature, OC

T air temperature, 0C

The coupling efficiency (K) is 0.2 for wide spaced fins and 0.6 for close-spaced
fins. An intermediate value of 0.4 will be satisfactory in most cases. The spec-
ific heat of air at constant pressure (c.) can be considered constant for the
altitude ranges normally encountered by flight test aircraft.

It is seen from Eq. (4.2-7) that heat transfer is directly propor-
tional to mass flow. However, fans are volumetric devices; i.e., for a given speed
a fan delivers a constant volume of air ii- 'nttime regardless of the air density.
Therefore, a fan must be the proper size to deliver the required mass flow at all
operating conditions. The fan must be capable of delivering a maximum volumetric
flow rate which occurs at the highest altitude at which the fan is to operate.

The air mass flow rate required to keep the equipment temperature rise at
the allowable level is found from:

ik KC T T2TEq. (4.2-8)

The required volurketric flow rate may then be determined from:

M Eq. (4.2-9)

t where

where volumetric flow rate

mi mass flow rate

Pa =density of air at altitude

Selection of the correct fan requires knowing the pressure drop associated
with the flow passing through the system. Finned heat sinks (air flow parallel to
the fins) present very little impedance to the air flow, and the pressure drop is

* small. A typical sea level pressure drop for this type of configuration is 0.5
centimeter (0.2 inch)H 0.

Using the maximum volumetric flow rate required (at maximum altitude) as
determined from Eq. (4.2-9) and the sea level pressure drop, we may now select
a fan from manufacturer's catalogs. Fan performance data are usually published for
standard sea level conditions. We may assume that maximum volumetric flow as
determined above for maximum altitude will be the same at sea level for conven-
tional constant-speed fans. Thus, the usual catalog data may be used for fanI selection. For airborne applications, it is usually advantageous to select a 400
Hz ac fan. These fans are physically smaller and have greater shaft speeds than 60
Hz and dc powered units.

Special types of fans are available for high altitude applications. In
these fans the shaft speed varies inversely with the air density, thus delivering a
greater mass flow at low densities than can be obtained with constant-speed devices.
Another advantage of these types is that they require less power at low altitudes
than conventional fans. Performance data for the high altitude fans are usually
given in terms of mass flow, altitude (density), and pressure drop, as well as the
standard sea level performance curves.

In most cases of forced convection, the effec ~s of radiation and natural
convection are relatively small (as compared to forced convection) and may be

* disregarded. However, the effects of the various modes of cooling may be combined,
if so desired.

4.2.2.3 Checklist for Selecting a Heat Sink and/or Blower (Pan)

The steps required to select a finned heat sink extrusion and/or a fan to
cool airborne electronic equipment are summarized below:

(1) Using the known value of heat dissipation and the maximum allowable
temperature rise, find the sea level thermal resistance to natural convection from
Eq. (4.2-3).

(2) Find the thermal resistance at the required altitude from Eq.
(4.2-4).

(3) From Figure 4.2-1, find the heat dissipating surface area required
to obtain the thermal resistance at altitude.
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(4) Select an bxtrusion of the desired shape from the manufacturerts
catalog, and determine the length necessary to provide the required heat dissi-
pating surface area.

(5) Determine the cooling by radiation (if desired) from Eq. (4.2-6).

(6) Combine the effects of natural convection and radiation (if desired).

If it is found that natural convection and radiation heat transfer are
insufficient to cool the equipment with a reasonably sized sink, proceed with the
following steps:

(7) Select a sink sized to the dimensions and mounting requirements of
the eqc.1pment.

(8) Find the air mass flow rate necessary to keep the equipment temper-
ature rise to the acceptable value from Eq. (4.2-8).

(9) Determine the volumetric flow rate at the maximum altitude from
Eq. (4.2-9).

(10) Assuming a sea level pressure drop of 0.5 centimeter (0.2 inch)
H20, select the fan to meet the requirements of (8) and (9) above.

(11) Combine the effects of the various modes of cooling (if desired).

The technique described provides only an estimate of the cooling require-
ments Zor an airborne electronic unit. The accuracy o te tcnqeovosyi
dependent upon the validity of the assumptions made and upon the accuracy of the
estimates of the true conditions. No attempt has been made to determine the errors
involved.

This relatively straightforward approach can be easily and quickly used
by technical personnel to obtain estimates of cooling requirements. If the elec-
tronic unit is known to be operating near its temperature limits or if the unit is
essential to the mission, laboratory tests should be performed under simulated
environmental conditions to determine the adequacy of the cooling.

Heat Dissipating Surface Area, =2

6.45 x 10 1 6.45 x 102 6.45 x 13 3.87 x 104
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- --- Source: Precision Dipbraze TOR.
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Figure 4.2-1. Thermal Resistance Vs Surface Area for Flat Vertical Fin Type Extrusions.
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4.3 Selection of Mechanical Isolators

Depending on the type of flight vehicle, the mission profile will vary
and thus he a factor in the selection of isolators. The different classification
of aerospace vehicles include airplanes and helicopters. There are a variety of
differences in the design of these vehicles and the flexibilityr of wings, tail
3urface., and the fuselage will vary. Each type of flight vehicle has a different
response to excitations from its mission profile. Further, differer~t responses are
introduced by the type of engine, used. Different excitations are produced by
reciprocating engines, turbo props, turbojet., ram jets, etc. While isolators are
selected mainly for protection against vibration, the shock environment must also
be considered.

Generally, the most severe shock occurs during landing and booster-assisted
or catapult assisted takeoff.. The direction of shock is as important as the
intensity. Highly maneuverable aircraft spend a considerable length of time in
such attitudes as climbing, diving, loops and rolls. Because of this, the aircraft
attitude should also be considered when selecting an isolator.

The selection of isolator. and the isolation mounting system is dependent
mainly on the space available for both the isolation system and the expected sway
or displacement of the equipment. For example, if the space available warrants
that an equipment be higher than it is wide, resulting in a high center of
gravity, then a bottom-mounting system should
be used with stabilizers. Other factors to be
considered are the shock and vibration environ-
ment, including the excitation frequencies, the
stiffness of the supporting structure and the
environmental design limi.tations of the equip-
ment itself. Ref. (132).

Equipment in an aircraft is subjected to
shock and vibration in all directions. This
requires a six-degree-of-freedom system with
translational movement in the vertical, longi- "
tudinal and lateral directions as well as ro- G
tational movement about these three axis.
The six degrees of freedom are shown
in Figure 4.3-1. An installed item of
equipment will have a natural frequency Figure 4.3-1. Six-Degrees-of-
in each of these axis and each must be Freedom System about the Center
considered when designing the isolation of Gravity.
system. For example, if isolators
of equal stiffness are located unymmeicIALl about the center of gravity of an
equipment, certain of the trans ainland rotational modes will couple. Stated
another way, when coupled, vibration cannot exist in one mode without existing in
its coupled mode. Thus, a horizontal force through the center of gravity will not
only displace the equipment horizontally, but it will cause it to rotate.

Each coupled mode has its own frequency and it must be considered in the basic
design. Isolators may be arranged in a variety of mountings, but in general all
the variations can be grouped into a few basic types, and/or combinations. Typical
examples are shown in Figure 4.3-2, (a) through (e).

0.258
MAX

000.58 gos0.58

B

(a) Underneath Mounting System Showing Design Dimensions.

Figure 4.3-2. Basic Isolator Mounting Systems
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(d) Top and Bottom (Over and Under) (e) Inclined Isolator Mounting System.

Mounting System.

Figure 4.3-2. Concluded.

4.3.1 Underneath Mounting System

The underneath mounting system is the most widely used, since most chassis
configurations are suitable for this application and there are less limiting require-
ments. This system is used in applications where the distance from the base to the
center of gravity of the supported equipment does not exceed isolator spacing by a
ratio greater than 0.A5. This relationship is necassary to maintain required
stability and isolation. Figure 4.3-2(a) illustrates the design dimensions for
equipment having a uniform density. The center-of-gravity height to isolator
spacing ratio limits the use of the underneath system for narrow axis equipment.
However, in most applications the height of the center of gravity seldom exceeds
0.36 of the overall height of the equipment. This permits equipment having ratios
of equipment height to isolator spacing up to 0.7 to be mounted in this manner.
Choosing the proper isolators for an underneath-mounted rectangular object is
relatively simple. The total weight is divided by four; then the appropriate isola-
tor is selected, and placed at the four corners. However, if the center of gravity
of the equipment is located unsymmetrically in the horizontal direction, the isola-
tore at each corner will be different. The load on each isolator can be calculated
by using the following formulas and Figure 4.3-3. W is the weight of the equipment
with connectors and cables attached.

Load on isolator 1 = W A B2 Eq. (4.3-1)

Load on isolator 2 = W A (Eq-- -) Rq. (4.3-2)

~Al 4 B1 2/q
Load on isolator 3= W (Al+ A2) (Bf+-i-f) Eq. (4.3-3)

Load on isolator 4 = W (" ) (I ) Eq. (4.3-4)
IE.(434
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Figure 4.3-3 Load Determination Dimensions.

4.3.2 Center-of-Gravity Aountinl Systems

In center-of-gravity mounting systems, the isolators are located in a
plane that passes through the center of gravity of the mounted equipment, as shown
in Figure 4.3-2(b). It is a refinement of the underneath mounting system in that
while coupling of certain rotational and horizontal modes in the underneath system
is unavoidable because of the unsymmetrical placing of the isolators relative to
the horizontal plane through the center of gravity, these same modes are always
decoupled in center-of-gravity systems. with coupled modes, the spread betweennatural frequencies of a system is greater, reducing isolation efficiency. If the
highest natural frequency of the mounting system is set well below the forcing
frequency, it may put the lowest frequency at a level that introduces instability
in the system.

4.3.3 Double Side Mounting Systems

Double side mounting systems, also called double-level side mounting, are
normally used on equipments that have a height-to-width ratio greater than two and
a tendency for excessive flexing. Eight isolators are used, with four each placed
symmetrically on opposing sides of the equipment so that the figure formed by the
isolators is a cube. The double side mounting system is shown in Figure 4.3-2(c).
The extra isolators provide additional support points that distribute the load more
equally tio the chassis. In addition to being used for equipment with a height-to-
width ratio greater than two, the double side mounting system should be used for
very heavy equipment from a safety standpoint. With attachment points near the top
and bottom of the essipment, it is more secure than the other systems. In fact,
satisfactory oesults have been obtained with equipment having a height-to-width
ratio up to five. The maximum limit of this system is reached when the structural
rigidity of the equipment allows excessive bendingt to ake place.

4.3.4 Over-and-Under Mounting Systems

In an over-tad-under mounting system eight isolators are used, but in-
stead of being mountefr at the sides of the equipment as in a double side mounting
system, the mounts are placed at the top and bottom of the equipment. This system
is used when the space for the equipment provides an overhead support to which the
isolators can be fastened. This system is also useful when the height-to-width
ratio of the equipment exceeds one and a half, so that a bottom-mounted installa-
tion would tend to be unstable. Most of the discussion about the double side
mounting system applies to this system. In the over-and-under mounting system, the
mounts located at the top of the equipment carry an equal share of the load with
the bottom mounts. To do this, double-acting mounts are used, or the isolators are
mounted so that they support the equipment as do the bottom mounts. Figure 4.3-2(d)
shows the over-and-under mounting system, with two ways of mounting the top iso-

lators.

4.3.5 Inclined Isolator Mounting System

When four isolators are used and they cannot be located in a plane through
the center of gravity, decoupling can be accomplished by inclining the isolators,
as shown in Figure 4.3-2(e). When equipment is bottom mounted coupling occurs be-
tween translational modes because of the unsymmetrical position of the isolators
relative to a horizontal plane through the center of gravity. This dissymmetry
causes external forces from the isolator horizontal stiffness, to apply a turning
moment to the equipment when the equipment is displaced sideways. However, if the
isolators are inclined instead of being placed vertically, motion along either of
the principal axes results in deflection of the isolators in both the radial and
axial directions. Because the isolators are inclined, the usual reference of
horizontal and vertical is changed to radial and axial. In this system, a trans-
lational motion reaults in external forces from both the radial and axial isolator
stiffness. The angle of isolator inclination and the isolator horizontal and
vertical stiffnesses are quite critical in this mounting system. It is a special
purpose application of isolators and requires detailed analysis to operate suc-
cessfully.
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4.4 Selection of Displays and Controls for Crew Area

Aircrew instrumentation displays and controls require an understanding of
the information to be presented and of the methods that most effectively transfer
this information into correct control actions. Displays must suit the particular
conditions of use and be converted into inputs that humans can perceive. Accord-
ingly, lights, indicators, and other displays are used as methods to present infor-
nation to the operator.

To provide the proper displays it is necessary to consider viewing dis-
tance, level of area illumination, instrument lighting (indirect, flood, edge and
rear). The selection of displays must be based upon evaluation of the advantages
and disadvantages of indicators, scales, numeral style and size, color and shape
coding, labeling, zone marking, etc. The controls for these displays must logi-
cally relate to the display being controlled by providing specific control function
and display flexibility. Refs. (B7, 28, 29, 30).

4.4.1 Displays

The instrumentation engineer must know the tot.al number of controls and
displays required to present essential information to the operator. In general,
for aircraft circumstances the visual sense is the most suitable input channel for
system status information.

The instrumentation engineer/designer of a visual display must determine
the purpose and the conditions under which a specific display is tc be used. The
conditions (cramped cockpit) and purpcse (warning panel) often dictate the shape,
size, and location of these displays. operational conditions which must be con-
sidered include the viewing distance, illumination, angle of view, adjacent dis-
plays, arm-length distance, and cockpit control panel compatibility. Als~o to be
considered is whether or not a cockpit camera is to be used to record instrument
panel readings.

The best viewing area is located directly in front of the crew member,
but this is the area where mission related instruments are clustered. In general,
the instrumentation engineer is given areas located at the periphery or the field
of view and/or the area located between the crew members' knees. These particular
areas create a definite design challenge for the instrumentation engineer. In con-
sideration of these cockpit areas, the engineer must ensur.a that all display details
are continually in the field of vision; free of excessive parallax; free from light
reflections; and visible in bright sunlight.

If cockpit cameras are used to monitor portions of the cockpit panel, the
size and type of the display details must be compatible with the lowest expected
light level as well as the image resolution and granularity of the photographic
film. Lighting due to direct sunlight should be considered and resulting high
contrast of details minimized.

The design and spatial placement of displays and controls should make it
easy for the operator to select the proper control and operate it in the correct
manner.

The instrumentation engineer (designer) must also determine what the
operator's reaction is going to be towards the controls and displays. For example,
precise, stable information is better displayed by a digital readout rather than a
meter/needle readout. The digital readout is faster and will be read accurately
more often than other type meter displays. However, because of familiarity the
pilot oftentimes prefers the round D'Arsonval type display.

4.4.1.1 Indicator and Status Lights

Lights are often used to convey routine information and to warn of danger-
ous conditions, or to call attention to malfunctions. The effectiveness of a
signal light depends upon its color, its brightness, and location. In addition, it
must be intense enough to provide adequate contrast in ambient illumination. The
total number of colors used for lights should be kept to a minimum and the designer
must select color combinations which prevent confusion, such as yellow and amber.
These colors tend to change with age and when illuminated by a high intensity bulb
may look alike. Recommended colors are green, amber, red, wh~lte, and blue.

In determining any color of a display the designer should try to match
standard concepts and previously-established standards. Table 4.4-1 below relates
colors to typical functions.
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Table 4.4-1 Lamp Colorr3 and Their Related Functions

COLOR FU'NCTION

Red Stop-, Danger; %?itrningr Emergency
Green Go; Power ON; 01'ý Proceed
Ambher Standby; Caution; Intermediate steps
White Routine Operating Conditions
Blue Auxiliary Data; Information

Since most signal alarm lights are normally re-set, a press-to-teat

feature should be provided for testing all the lamps.

warning light located directly in the operator's field of view is necessary so that
the operator may direct his attention to these peripheral areas. ideally, every
signal lamp is clearly identified.

4.4.1.2 Labels

Various research efforts have been conducted to determine what factors
give the greatest legibility of printed material. Although these: results are not
entirely consistent, it is possible to generalize on some of the conclusions.

The legibility of characters is affected by contrast between character
and background, character height, ratio of character height to width, and ratio of
height to line width. The following recommendations are given for good legibility:

1. Panels and dials should have white lettering on a dark (or black)
background in aircraft.

2. A height-to-width ratio of 3 to 2 is recommended for characters on
panels and scales.

3. For white characters on a black background, the best legibility is
given by a line width of 1/7 to 1/8 the character height. If black
characters on white background must be used, the lines should be
about 1/6 the character height.

The sizes and spacings of lettering must be increased proportionally
with greater viewing distances and lower lighting levels.

4.4.1.3 Panel Meters

The D'Arsonval meter movement is very popular because of its basic sim-
plicity, inherent response characteristics, basic analog compatibility and history
of usage. Although modified versions of this type of meter (servometric meter)
improve its accuracy and minimizes vibration-induced pointer movement, this mod-
ification does have certain undesirable features:

1. Requires a separate power in addition to the signal input.

2. Positive indication of meter failure or loss of input is more dif-
ficult to determine. (The standard D'Arsonval meter drops off scale
with loss of signal.) The servometric meter, however, leaves the
pointer at its last position.

Although a wide variety of multiple movement Meters exist, the poor
readability of the smaller multiple scales cancel any advantages gained. For
nearly all purposes the circular meter is the best choice.

4.4.2 Controls

The proper selection of a control device for a specific purpose requires
a complete understanding of the function and purpose of the control, what it con-
trols, and its relative importance to other controls. Careful consideration must
also be given to the information required by the crew member in locating, identify-
ing, and using the control. In addition, any limitations impored by constraints on
the crew member should also be considered.

4.4.2.1 Toggle Switches

The most frequently used control device is the toggle switch. Some of
te factors which dictate this selection are that toggle switches require little
panel space, visually indicate status (except Momentary switches), and are easy to
activate during a wide variety of flight conditioauuu. Functions uti~li15zing momentarUyJ
switches in most cases require a status indicator located in the vicinity of the
switch.
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For situations which require wearing gloves a wedge-shaped tab handle
provides a large grasping area with which to actuate a toggle switch. one advan-
tage of the larger wedge-shaped handle is its length which increases the operator's
mechanical advantage during activation. one obvious disadvantage is its minimum
deflection angles for a three-position switch.

4.4.2.2 Push Button switches

In general push button switches are used for applications requiring rapid
initiation of a function, for high-frequency-of-use situations aild for appl.ications
requiring positive visual response.

For circumstances when the identifying legends are a part of an illum-
inated push button, the use of the larger size push button (2.0 centimeters,
0.8 inch) should be considered. If two or more push button type switches are
mounted side by side, barriers should be inserted between them to limit the finger
movement during switch actuation.

4.4.2.3 Rotary Switches

Rotary switches are usually employed when four or more detent positions
are required. As a multiple switch the rotary switch is generally more suitable
for high currents than the toggle switch. However, as the number of detent po-
sitions increases the possibility of selecting an incorrect position also increases.
Similarly, if the rotary mechanism jams, all other switch functions are inhibited.
For this reason critical functions are better left to toggle switches.

4.4.2.4 Selecting Controls

in selecting the instrumentation controls and their size and location,
the engineer must consider the effects of flight clothing. Particular attention
should be directed at restricted arm movement due to heavy clothing and the size
of the control based on its actuation with a gloved hand or finger (if required).

After reviewing the control requirements, the engineer should take into
consideration the following suggestions:

1. Select controls having motions compatible with those of the display.
For example: a toggle switch thrown up should be in the ON position;
a knob turned clockwise should increase the quantity it controls
(slide switches from left to right or from bottom to top).

2. Select either a linear control or a rotary control for making a
small adjustment over a short range. If the range of adjustment is
large, a multi-revolution rotary controll is desirable.

3. For adjustments which are made in a limited number of discrete
steps, consider a detented control for a rapid and eaay operation.

4. Position controls (knob, push buttons anid switches) a sufficient
distance apart to preclude operator int~ uference with adjacent
controls when the operator wears gloves.

5. Select controls for ease of identification by physical feel and
operational position.

6. Try to keep the quantity of controls to a minimum.

7. Select controls that provide the operator with a positive feel
or visual indication assuring that switching has occurred.

One of the important considerations in the relationship between displays
and con role is the control-display ratio, A small turn of the knob should re~sult
in a small response from the knob's movement. An additional point is that an
operator under heavy stress may forget an "unnatural" relationship of control
function and revert to the "natural" one, (item 1. above, for example), causing~
system failure or loss of data.

There are some controls which must not be operated except at the right
moment. Controls of this kind can be guarded by recessing, by use of hinged safety
covers, by careful out-of-the-way location, by screw-driver adjust, or by locking
devices.

4.5 Selecting Fuses and Circuit Breakers

Either fuses or circuit breakers may be used for circuit protection;
however, circuit breakers are preferable on any circuit whose failure affects the
eafety of flight. This preference is primarily due to the fact that resetting a
circuit breaker is generally safer and quicker than changing a fuse.
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At the instrumentation-bus level where the total current requirements are
in the tens-of-amperies, circuit breakers are used for a combination of purposes,
e.g. an qn-off switches. If and when a fault occurs it is usually at the sub-
system love-a-nd the circuit breaker provides convenient on-off capabilities to do-
energize the instrumentation bus. However, fuses provide a wide range of ratings
and trip characteristics not available in circuit breakers. At the sub-system
level then fuses can offer these advantages:

1. Economy with low weight and volume.

2. Ease of design and installation of fuse boxes.

3. Availability in a wide variety of ranges below one ampere.

Whenever the circuit design mixes circuit breakers and fuses, careful
attention must be given to insure proper coordination of system protection.

From an environmental point of view, fuses and circuit breakers can be
affected by a combination of shock, vibration, and temperature. Thus engineering
care must be exercised in the selection of both fuses and circuit breakers, their
location and installation. Ref. (31).

The fundamental design philosophy of aircraft instrumentation wiring
should include automatic protection that will isolate a wiring fault to a single
circuit. The primary consideration should be the protection of the instrumentation
wiring so that the danger of smoke, fire, and toxic fumes is minimized. Further,
the circuit protection must be designed so that any fault occurring in one circuit
does not affect other operational circuits. This objective can usually be achieved
by using the proper circuit protective devices, proper wiring sizes, and careful
circuit design.

The choice between circuit breakers, fuses, limiters, or other protective
means is influenced by several factors:

1. characteristics of the protective device.

2. Replacement of the protective device after failure.

3. Physical and environmental constraints.

4. Circuit application.

When to use a circuit protection device:

1. For any wire length carrying current which may cause the wire to act

2. A circuit protection device should be used whenever a conductor
diameter is reduced to a smaller diameter conductor.

4.5.1 Fuses

A fuse is a strip of metal having a very low melting point. The metal
strip can be made of lead, lead and tin, tin and bismuth or some other low-melting-
temperature alloy. It is placed in a circuit in series with the load so that all
load current must flow through it.

When the current through a fuse exceeds the capacity of the fuse, the
metal strip melts and breaks the circuit. The strip must have low resistance and
yet it must melt at a comparatively low temperature. When the strip melts, it
should not give off a vapor or gas which will serve as a good conductor since this
could sustain an arc between the melted ends of the metal strip. The metal alloy
used must be of a type which reduces the tendency toward arcing.

Fuses are generally enclosed in glass or some other heat-resistant insu-
lating material to prevent an arc from causing damage to the electrical equipment
or to parts of the aircraft. Fuses used in aircraft are mechanically classified as
cartridge type, plug-in type, or clip type. Each of these types are easily removed,
inspected, and replaced. Refs. (32, 33).

4.5.1.1 Fuse Types

Three basic type of fuses will be considered.
(Consult the manufacturer for specific applications).

1. Normal Fuse - This type may or may not be current limiting. Normal
fuses contain a single element and possess a time-current character-
istic curve which is smooth without discontinuities. (See Figure
4.5-1)
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2. Time-Delay Fuses - Time-delay fumes may or may not be current limit-
ing. These fuses are often referred to as "dual-element" in that
they are designed with two elements: a thermal cutout with very high
time-lag characteristics which accommodate transient overloads but
"fuses" on continuous light overloads, and an element which "fuses"
only on heavy overlads or short circuits. The thermal cutout is
designed to pass momentary surges such as motor starting and switch-
ing transients. The time-current characteristics show a non-uniform
curve with considerable time-lag. (See Figure 4.5-1).

3. Very Fast-Acting Fuses - These fuses do not have a time-delay fea-
ture as they are designed to be extremely fast during short-circuit
conditions. Very .ast acting fuses are designed to protect semi-
conductor circuitry because of their fast response to overload currents.

so
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These fuses may or may not be current-limiting. (See Figure 4.5-2). For a fuse
to be current limiting, the fuse under short-circuit conditions must limit tL2e
instanti-neous peak current to a value less than that which would flow if the fuse
were not in the circuit.

4.5.1.2 Fuse Pntings (Standard Definitions)

Fuses are rated according to current, voltage and interrupting capacity.

4.5.1.2.1 CurLent

Generally, all types of fuses must be capable cf carrying 110% of
their rated current in free air at room ambient temperature until thermal equil-
ibrium ýu established. These types are required to open within one hour at 135%
current load. Time-delay type fuses are further required to hold for a minimum of
12 secoaids at 200%. Cartzidge type time-delay fuses arc available which will hold
for 10 seconds at 500%. The current rating of all types of fuses will be affected
by ambient temperature.

4.5.1.2.2 Voltage

The voltage rating stated for a fuse is the maximum rms ac and/or dc
voltage at which the fuse is designed to operate. Fuses can be used for any vol-
tage less tý%a" the maximum ratinj.

4.5.1.2.3 Inteirupt Capacity

ThIs defines the maximum current at rated voltage that the fuse can
safely interrupt where the recovery voltage does not exceed the rated voltage.
(Recovery vo'tage is defined as the voltage impressed across the protective device
after e circuit has been interrupted and after the high frequency transients havesubsidu".)

4.5.).3 Environmertal Considerations

The fGllowing conditions should be reviewed and used as a basis for
fuse evaluation.

1. Tempexataie: Figure 4.5..2 shows the effect of temperature on
the operating characteristics for very fast-acting, time-delay
and normal opening fuses. Time-delay fuses are more sensitive
to temperature envirol-ment because of thr, thermal cutout ele-
ment.

2. Altitule: Up to altitudes of 21,340 meters (70,000 feet) the
interrupting rating of a fuse is usually not affected. The alti-
tude data is actually based upon the ambient temperature at maxi-
mum altitude; thus, altitude aerating is based upon temperature
rather than ambieý&t pressure.

3. Atmospheric: Most atmospheric environments do not pose any
problems for fuses. In a corrosive environ,.ent it is suggested
that all ferrules, fuse-holders, fuse blocks, etc., be plated.
In addition, suitable housings should be constructed to protect
fusing elements fiom corrosive liquids.

4. Shock and Vibration; Fuses for Mil-Standard operation are
evaluated for both 100% rated current and no current conditions.
as specified by MIL-STD-202. In general, the typical fuse used
by the instrumentation engineer is evaluated at cycles of 5 to
2000 per second, and accelerations up to 30g or with displace-
ments up to 1.27 centimeters (0.5 inch) double amplitude.

4.5.1.4 Fuse Selection

Normal and very fast-acting fuses should be sized to adequately protect
wiring and should not be continuously loaded in excess of 80% of the fuse ratings.
Characteristics of the time-delay fuses allow them to be sized closer to the current
load. However, circuit conditions should be thoroughly investigated before making
such a decision to prevent unnecessary fusing action.

Depen ng on the ambient temperature at the fuse location, the curient
rating of the fuse may have to be derated or uprated. Nominal ratings (as marked
on the fuse) are for an average temperature of 240 C (750 F), although this value
may vary with different manufacturers If the fuse must operate at higher ambient
temperatures, a larger nominal rating must be specified to compensate for the dif-
ference in ambient heat. The opposite is true in a colder ambient area.

Most components can be a1equately protected from overcurrents -nd snort-
circuit by selecting the proper fuse. The prime factor to be considered is current
limitation. It is important to limit this current to as asmall a value as possible
since damaging thermal and magnetic energies vary with the square of the current.
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For flight critical circuito in non-piloted vehicles, for example, it is
essential that the fuse be of the highest rating possible consistent with cable
protection. These circuits should becarefully engineered to take cognizance of
t.he cable-fuse combination ensuring that short-time transients do not cause circuit
faulting. Non-critical circuits can be fused on the basis of the lowest rating
consistent with reliable equipment operation. Careful engineering and testing is
recommended to demonstrate the effectiveness of such protection under flight con-
ditions.

Fuses, particularly high-capacity units, dissipate considerable energy
and their installation should allow for heat rejection so that the temperature rise
of the fuse does not exceed that of the cable. Excessive rise in temperature of
the fuse itself can change the desired time-current protection rating of the fuse
and alter the initial cable protection design. Care should and must be taken in
dispersing the heat since adjacent equipment can likewise be affected.

4.5.1.4.1 Short Circuit Wire Protection

Manufacturer's charts are available that relate maximum time-current
capabilities of wire types. A typical chart will depict the amount of short-circuit
current that the conductor can safely withstand. If the short circuit current avail-
able during failure exceeds the conductor specifications, the protective device then
has the task of current-limiting. Time-delay, normal, and fast-acting current-
limiting fuses are available which will protect wires from this type of damage.

4.5.1.4.2 Motor Protection

Due to motor starting transients. time-delay type fuses are recom-
mended for the protection of motor circuits. Because of their inherent delay, time-
delay fuses can be sized close to the full load rating of the motor, thereby pre-
venting motor burnouts which might otherwise occur from overloads. If dual-element
time-delay fuses are used for motor protection they should be sized at 125% or less
of the full load rating of the motor.

The types of motors for use in aircraft instrumentation require care-
ful individual analysis for each application to assure compatibility with their pro-
tective devices.

4.5.1.4.3 Rectifiers, Semiconductors

Very fast-acting, current-
limiting fuses are recommended for pro-
tection of rectifiers and solid state com-
ponents where the available fault current
must be limited to a value which the com- Table 4.5-1 Resistance and Voltage
ponent can safely withstand. Generally, Drops Across Small Fuses.
knowing the ampere-squared-seconds and ____________________

the peak half-cycle current limitations VWW PA ACM USES
is sufficient to select the proper
current-limiting fuse and assure pro- VolAinag t ageDro
tection. Rating Rsia.±.tc ResismeDejtance 80Current

Approximate MiAW
4.5.1.4.4 Fuse Resistance and

Vo 22eDo 1/100 150 310 263 2.63
1./32 24 83 40.0 1.25
1/16 6.6 10.6 6.9 0.43

One important factor 1/8 1.6 3.1 6.0 0.75
that is often overlooked when select- 1/4 2.9 4. 47 1.l8

3/8 1.9 '105, 3.0 1.13ing a very fast acting fuse is its re- 1/2 1.0 4.3 2.7 1.4
sistance and voltage dIrop. some typical 3/4 0.7S8 4.7 2.0 1.
values are presented in Table 4.5-1. 1-~' 0.35 0.75 0:13 0.20

The cold resistance is measured at 10% 2 0.10 0.20
or less of rated current. The hot res- 3 0.06 0.19
istance is measured at 100% of rated
current after 5 minutes. These resis-
tance values can be used as a guide but the actual resistance of any individual
fuse may vary due to manufacturer's tolerances and the degree of loading of the
fuse.

Instrumentation systems routinely use precision voltages of five
volts or less. As shown in the table under the column titled, "Voltage Drop at
Rated Current" it is evident that precision voltage values can be compromised by
careless fuse selection.
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4.5.1.5 Fuse Coordination

Coordination defines the
ability of the protector with the
lowest rating, to open before pro-
tectors with hi.gher ratings open.

Isolation of a faulted cir-
cuit to the point of origin is very
desirable in any power system. Air-
craft in particular cannot tolerate
nuisance outages. Properly selected
fuses will coordinate with one another
throughout overload to short-circuit FUSE 8 FUSE C FUSE Q
currents. Figure 1.5-3 shows a typical
protective device coordination.
Fuses A and B will coordinate with
each other if, and only if, the
total clearing energy of the down-
stream fuse B is less than the Figure 4.5-3 Fuse Coordination
melting energy of the upstream
fuse A when C and D carry their normal currents. Fuses C and D should be in-
dividually coordinated also.

4.5.2 Circuit Breakers

A circuit breaker as used in an aircraft is constructed to be capable of
automatic circuit interruption under fault conditions and also capable of repeat-
edly performing this function when the defined set of fault conditions occur. in
general these devices are used for cable protection and should be selected to match
the thermal characteristics of the cable. Circuit breakers are designed for fre-
quent operation and are often used as emergency switches. Refs. (34, 35, 36).

4.5.2.1 Circuit Breaker Types

Circuit breakers are classified according to their method of operation as
thermal, magnetic, or combined thermal-magnetic. Further, circuit breakers may be
"trip-free" or "non-trip-free."1 A non tri -free circuit breaker is so designed
that the circuit can be manually hel closed when carrying overload current that
would automatically trip the breaker to the open position. (Not recommended for
aircraft use). A trip-free circuit breaker is so designed that the contacts of
the circuit break rcanot be held closed when carrying overload currents that
woul~d automatically trip the breaker to the open position. None of the circuit
breaker contacts will reclose while the operating mechanism is held in the closed
position. (Used for aircraft applications.)

4.5.2.2 Circuit Breaker Ratings

Circuit breakers are rated for continuous current carrying capacity,
maximum interrupting capacity and operating voltage of the system(s) in which they
are to operate.

Aircraft circuit breakers are generally designed for 28 volt dc circuits
and 115/200 volt 400 Hz ac circuits. In the case of magnetic breakers, however,
the trip time may be different for ac and dc circuits. Thermal breaker trip time
is dependent on current and ambient temperature and is independent of voltage.
Circuit breakers are generally not interchangeable across ac or dc. A breaker
should be used in the service for which it was designed (ac or dc) since changing
the usage will change the time delay and trip points.

Circuit breaker ratings are usually based on the ability to carry 115
percent of its rating continuously without tripping, and with the ability to trip
within one hour on 138% of rated load. The circuit breaker should be capable of
carrying 100% of its rated current at 570 C (1350 F) ambient. In addition, the
manufacturer's calibration curves for "trip time" vF;. percent rated current often
depict minimum and maximum trip times at 200% of rated load and at specific ambient
temperatures.

Because failure of a circuit breaker to interrupt a fault presents an
electrical fire hazard, careful consideration should be given to the class of
breaker required based on the available short-circuit current capacity and pot~en-
tial recovery voltages of the electrical system under consideration.

4.5.2.3 Tripping Characteristics

Circuit breakers are available with the following characteristics:

a. Overcurrent - Instantaneous or inverse time.

b. Directional overcurrent - instantaneous or inverse time.

C. Current balance - Instantaneous or inverse time.
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d. Differential current - Instantaneous or inverse time.
("Instantaneous" is defined as less than 0.015 seconds.)

The "trip-free" circuit breaker can be reset against a fault, but will
trip automatically as long as the fault exists, even if held in the reset position.
Trip-free circuit breakers are generally recommended as giving the maximum amount
of protection and safety. The non-trip-free circuit breakers at one time were
recommended for critical circuits which had to be maintained at any cost, but
current thinking is that all aircraft circuit breakers should be trip free.

4.5.2.4 Thermal Circuit Breakers

Thermal circuit breakers are dependent upon a temperature rise in the
sensing element for actuation. Normal operation is achieved by the deflection of a
bi-metal thermal element which will open a circuit when a predetermined calibrated
temperature is reached. Temperature rise in the sensing element is caused princi-

pally from load current 1i heating. The thermal element will also integrate heat-
* ing and cooling effects from external sources and will tend to derate or uprate from
* room temperature calibration with corresponding fluctuations in ambient temperature.

The size of the thermal element, its configuration, and its physical and
electrical characteristics will determine the amount of current carrying capacity
of the circuit breaker. In some cases, a heater coil is placed next to and elec-
trically in series with the thermal element to augment self heating of the thermal
trip element. This is done for ratings below five amperes.

4.5.2.4.1 Thermal, Magnetic Assist

In order to protect wiring, upstream components, and the breaker it-
self fr-om needless long thermal and mechanical stresses during high fault level
currents, an electro-magnet is added to the thermal breaker. This magnetic cir-
cuit consists of a few turns of large cross section conductor in series with the
thermal element and has little effect on the total breaker impedance. The magnetic
assist usually has a cross over point well above the normal overload calibration
range; therefore, there is very little effect on the normal thermal response trip
time. For high overload conditions, however, the current generates sufficient
magnetic force to trip the breaker magnetically without waiting for the bi-metal
to deflect. This type of design results in very fast trip times for high over-
loads that approach near instantaneous tripping times.

4.5.2.4.2 Thermal, Temperature Compensated

A temperature compensated circuit breaker uses a thermal responsive
element that compensates for changes in ambient temperature. The compensating ele-
ment is usually electrically isolated from and independent of the current carrying
thermal trip element. The compensator acts only when a change in ambient tempera-
ture occurs.

4.5.2.5 Operating Positions

on push-pull manual circuit breakers the position or condition of the
circuit breaker is indicated by the push button. A colored band (usually white)
will show when the breaker is out and in the "off" or "tripped" position. Pushing
the breaker in will restore the breaker to the "on" condition. See Figure 4.5-4.

Tripped Position

Black
White

Blo"ck Breaker Shown in
Closed Position

Figure 4.5-4 Push-Pull Manual Circuit Breaker
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For trip-free toggle-lever manual circuit breakers the toggle moves to
the tripped position when the circuit breaker "trips." To reset the circuit breaker
the toggle is moved to the full "open" position and then to the "closed" position
at which time the contacts are reset. A tripped toggle-lever can be readily dis-
tinguished in a row of circuit breakers, some of which are closed and some of which
are "tripped" by the position of the toggle-lever. Figure 4.5-5.

Tripped Position

Closed Position

Figure 4.5-5 Toggle-Lever Manual circuit Breaker

4.5.2.6 Circuit Breaker Coordination

If the circuit in Figure 4.5-6 develops a fault as shown the current in-
creases accordingly (shown parenthetically) it is possible that circuit breaker "A"
could trip before circuit breaker "B." This is possible since both breakers are of
the same "family" and have highly similar characteristics. Ref. (37).

A B

IOAMP 5AMP

(55 AMP) (50 AMP)

C 5AMP

ICircuit breaker "A": Type MS 26574-10
Circuit breaker "B": Type MS 26574-5
Circuit breaker "C": Type MS 26574-5

Figure 4.5-6 Circuit Breaker Coordination

Assuming the complete circuit to be at room temperature the following
conditions could exist as taken from a vendor's catalog:

Circuit breaker "A": Trip time minimum for a
550% rated load is about 0.1 second.

Circuit breaker "B": Trip time maximum for a
1000% rated load is about 0.3 second.

If circuit breakers are to be used then a different family of circuit
breakers can provide adequate coordination. There are several to choose from and
one such circuit breaker can provide a minimum time of 0.33 seconds and a maximum
time of 1.0 plus seconds at room temperature. This range of time used for circuit
breaker "A" would enable circuit breaker "B" to trip first.

The coordination of circuit breakers at different temperatures is de-
termined using this same procedure.

S4.5.2.7 Safety Conditions

Manual reclosure of a non-trip-free circuit breaker on a fault is an
undesirable situation from a safety standpoint. If a circuit is so critical that
it must be maintained even under fault conditions, consideration should be giveni to the use of parallel circuitry with duplicate circuit breakers.
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Adverse ambient temperature conditions should be taken into account in
planning circuit breaker installations. The tripping time of thermal circuit
breakers is affected by ambient, both at or near rated load and under overload
conditions. us~e of a thermal circuit breaker permits the maximum utilization of
circuits when the temperature-time tripping characteristics of the circuit breaker
approximate the temperature-time curve of the cable protected. If a thermal
c:..rcuit breaker and the cable being protected are in widely different ambients,
derating or uprating the circuit breaker should be considered in planning the
installation. Toggle-lever circuit breakers have die advantage of ease of oper-
ation and can be used conveniently as a combination of switch and circuit breaker.
Toggle-lever circuit breakers in critical circuits, however, should be protected by
guards to prevent accidental opening or closure by bumping, snagging, falling
objects, etc. (See Figure 4.5-5)

Push-pull circuit breakers have the advantage of bL~ng less susceptible
to accidental opening, and are usually available with greater interrupting cap-
acities. They are, however, difficult to operate with heavy gloves on.

4.5.2.8 Typical ProblemsI1. Difficulties experienced during qualification testing of circuit
breakers are often a result of inadequate test equipment, improper
test procedures, unrealistic requirements, or combinations of all
three. The test procedure must recognize the design purposes of
a circuit breaker.

2. The selected trip limits must be realistic and conform to the re-
quired performance data.

3. Problems can develop when wires are attached to the circuit breaker
terminals. When the bolts are tightened the seal between the break-
er body and the terminal lug may crack. This crack may not affect
the strength of the breaker body, but it does violate the environ-
mental seal.

4. The large and heavy three-phase circuit breakers are screw mounted
rather than stem mounted. Without adequate solid mounting, the
breaker may "trip" during vibration.

5. Circuit breakers of the type which use cams in its mechanism to hold
the actuator in the closed position may fail during vibration if the
activator push button is not firmly pressed when closing.

6. Push-pull circuit breakers of the type shown in Figure 4.5-4 display
a white band when in the tripped position. In low level lighting
conditions visual monitoring of the band is difficult.

7. Circuit breakers of either the push-pull or toggle type are par-
ticularly susceptible to inadvertent activation or damage. special
precautions should be taken to protect the circuit breakers by
providing protective panels or barrier guards.

4.5.3 Limiters

A limiter is a device which responds only to high values of overcurrent
and should be carefully applied with this criterion in mind. It is an aircraft
fuse specifically designed with a high temperature melting point to protect elec-
tric power distribution systems against short circuit currents. It is manufactured
to have a closely-controlled curve of melting current versus time. The use of a
silver or copper link having a high melting temperature makes it relatively more
insensitive to wide ranges of ambient temperature than a normal fuse. Ref (38).

Historically, the term "limiter" is drawn from the use in 60 Hz circuits
where the blowing time was less than a quarter-cycle, effectively "limiting" the
fault current. Such operation does not occur at 400 Hz and the limiter must not be
considered to have limiting action.

4.5.3.1 Limiter Types

There are two basic types of limiters which are used in aircraft elec-
trical power systems.

1. The most widely used limiter is of the knife blade style. Some
designs provide visual indication of a blown limiter by a spring
activated pin that extends from the limiter body.

2. The other type of limiter is the bolt-on type with an insulating
window covering the link for visual inspection.
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4.5.3.2 Limiter Ratings

Limiters are rated according to voltage, current and interrupting capa-
bility.

Voltage Rating: Knife-blade type limiters carry a 120/208 volt, 400 Hz
ac or 125 volt dc voltage rating. Bolt-on type limiters may be applied in circuits
up to 41 volts ac or dc. CAUTION: Consult manufacturer's specifications of the
two presently available' types, neither are entirely suitable for 125-volt dc appli-
cation.

Current Rating: Knife-blade type limiters are designed to carry 200%
rated current for five minutes, and open at 240% within five minutes. These lim-
iters have nominal current ratings from 1 to 60 amperes. Bolt-on type limiters
have current ratings from 35 tc 500 amperes and follow a typical fuse melting curve
with specified tolerances.

Maximtm Interrupting Ratings: The maximum interrupting ratings for knife-
blade type limiters are 6000 amperes at 120 volts ac, 4200 amperes at 208 volts ac,
and 6000 amperes at 125 volts dc. Bolt-on type limiters have interrupting ratings
of 10,000 amperes at 32 volts ac or dc.

4.5.3.3 Environmental Effects

The temperature ratings extend from -54* C to +1250 C (-65* F to +2570 F)
without significant changes in operation. Altitudes up to 21,340 meters (70,000 feet)
do not affect the interrupting rating of the limiter. The terminals on aircraft
limiters are silver plated to prevent corrosion and the body is designed to with-
stand extremes such as fungus, salt spray, sand, and dust. overall these devices
are designed to meet established environmental requirements, and these design require-
ments should be reviewed as part of the hardware selection process.

4.5.3.4 Limiter Selection

Limiters are useful for isolating high-capacity cables whose short
circuit current might damage the generating system. Thus, limiters in aircraft
are usually applied as back-up protection for circuit breakers and in multiple
cable circuits for isolating a faulty cable.

Where the available short-circuit currents exceed the interrupting rating
of a circuit breaker, an aircraft limiter may be used to limit the short circuit
current to within the breaker's capability. Figure 4.5-7 is a family of curves
showing current as a function of opening time for limiters.

High-capacity limiters need not be accessible for replacement in flight.
Since limiters are usually physically located at or near the main bus it is not
safe to attempt replacement until power is removed from the bus.

3000
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Figure, 4.5-7 Time-Current Characteristics of a TypicalAircraft Limiter
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4.5.4 Fuse/Limiter Comparison

The difference between fuse and limiter applications may be shown by
these two examples: Power leads from the bus to an engine are niormally subjected
to severe overloading for a short time only. Proper protection of such a cable,
still allowing for maximum utilization of a small light cable, can best be achieved
by a "slow blow" fuse or other protective devices designed with a current-time
characteristic which conforms to that of the cable. In contrast, the power leads
from a main bus to a sub-bus usually car y continuous current levels; voltage drop
limitations and characteristic loads usually result in conditions in which maximum
utilization of the cable is not required. Yet, the main bus and sub-bus must have
isolation protection should the sub-bus feeder cable become grounded. This can be
done very well by a limiter. under short circuit conditions the limiter will open
and relieve the main bus more quickly than a "slow-blow" fuse.

Limiters should be installed to allow for proper heat dissipation. Particular
care should be taken to prevent installing high current rated fuse$ or limiters in
such a way that excessive generated heat does not affect adjacent equipment to which
the limiter is attached. Limiters must also be installed in such a way that undue
mechanical strain will not be imparted to the limiter link or its case.

4.5.5 Reliability After Inspection

Resettable protective components should not be allowed to develop a
history of "1tripping". A tripped device may be faulty, may be in a faulty circuit,
or may be improperly applied. A tripped circuit should receive immediate postflight
analysis.

4.6 The Selection of Wires and Cables

The prime function of a wire is to successfully provide a transmission
line for the routing of electrical energy under specified environmental conditions.
The selection involves the consideration of the many different aspects of its
construction. An understanding of the electrical, mechanical, physical, and chem-
ical capabilities of the materials involved will result in the selection of a wire
that will perform in a manmer best suited to the system requirements. The proper
selection must take into account the conductors, insulation, shielding, jacketing,
size, and weight as well as availability and cost. In addition, when specifying
signal wiring the wiring twist per unit length must be considered. (Section
3.4.1.1.2).

The majority of the familiar wiring and cable types are standard and/or
traceable to Military Specifications, often, by more than one, since a particular
named material may be made in many formulations, thus resulting in different char-
acteristics. Refs. (4, 39, 40, 41).

4.6.1 Wire Gages

The American Wire Gige (AWG) series numbers are practically the only gage
system now used for wire in the United States. However, a variety of reference
books are readily av~ailable that relate other gage systems such as the British
standard. Since the AWG concept is based on inches, metric conversions will not
be included in the following material.

The basic diameters originally quoted for the AWG spAnned from AWG 0000
(0.4600 inch) thru AWG 36 (0.0050 inch). This permitted 40 different wire sizes.
The wire sizes were determined by applying the law of geometric progression. (This
progression has later been extended to AWG 37 thru AWG 56). Ref. (Be).

The ratio is determined by the following:
n-

a Eq. (4.6-1)

Where

I = the nth term = 0.46000 inch (AWGOOOO)

& = first term a0.0050 inch (AWG 36)

b = basic ratio

ni = total number of sizes = 40 since there are 40 different sizes.

b = 0.4~ 600 =1.122932 Eq. (4.6-2)

V-070I
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The following examples will illustrate how the rule is applied to the

design of the AWG table.

What is the solid wire diameter of AWG 18?

Use the data provided in Table 4.6-1.

I a a(b'") Eq. (4.6-3)

Let a = the AWG 36 wire diameter = 0.00500 inch

b = 1.122032 (the basic ratio)

Since a is the first term (or the diameter of AVG 36) then the value
of n for AWG 18 is 19 since AWG 18 is the 19th wire gage from the end of the table
listing and n - 1 = 18.

Thus:

I = 0.005 (1.12293218)

= The diameter of AWG 18

= 0.04030 inch

From Table 4.6-1 of wire gage listings, the diameter of an AVG 18 is 0.0403
inch. Notice that the calculations are only true for a solid wire.

TABLE 4.6-1 Manufacturer's Data Solid and Stranded Wire, AWG 22-16.

AVG solid wire "AWG equivalent" stranded wires

Wtre Circular Approximate Stranding, Circular Approximate
size ml area outer diameter, number of wires X size nil area outer diameter,am (in.) CM (in.)

22 640 0.0643 (0.0253) 7 X 30 700 0.076 (0.030)
19 X 34* 754 0.079 (0.031)
26 x 36 650 0.076 (0.030)

20 1020 0.0813 (0.0320) 10 X 30 1000 0.089 (0.035)
19 X 32* 1216 0.094 (0.037)
26 X 34 1032 0.091 (0.036)
41 X 36 1025 0.091 (0.036)

18 1620 0.1024 (0.0403) 7 X 26 1769 0.122 (0.048)
16 X 30 1600 0.119 (0.047)
19 X 30* 1900 0.125 (0.049)
41 x 34 1627 0.119 (0.047)
65 X 36 1625 0.119 (0.047)

16 2580 0.1290 (0.0508) 7 X 24 2828 0.152 (0.060)
19 X 29* 2426 0.147 (0.058)
26 X 30 2600 0.150 (0.059)"" 65 X 34 2580 0.150 (0.059)

105 X 36 2625 0.150 (0.059)

*Am size referred to in NIL-W-5088.

As taken from a Table of Standards and Values the circular mil areas of

AWG 36 and AWG 18 are"

AWG 36 = 25 CM

AWG 18 = 1620 CM

The circular mil area of AWG 18 is approximately 64 times that of AWG 36.
Tht weight is approximately 64 times that of the AWG 36 and the resistance is about A1/64th. Using the example above the following general rule can be applied:

An increase of 3 gage numbers doubles the resistance.
halves the nross-sectional area. -Ai

halves the weight.

An increase of 6 gage numbers multiplies the resistance by 4.
divides the cross sectional area by 4.
divides the weight by 4.

An increase of 9 gage numbers multiplies the resistance by 8. 1
divides the cross-sectional area by 8.
divides the weight by 8.

A decrease of 3, 6, or 9 gage numbers has the opposite effect.
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It is important to note again that AWO numbers are true AMC for s4jngjj
solid wires only. Because of the complications introduced by the use of stxaiied
wire, it is the practice for some wire manufacturers to omit the gage type and use
only wire size as determined by the circular aiu area.

The criteria for calling a stranded wire by a particular gage number is
based on the circular ail* being somewhat the same an that of a solid wire, since
they both have nearly similar electrical characteristics. However, notice the
diameters. The diameter of a stranded wire, with nearly the same total circular
ails, will be different in diameter from the AWO solid wire. Compare the diameter
values listed in Table 4.6-1.

4.6.2 Circular Mil. (C14):

The cross sectional area of a single conductor determines its resistance
and current-carrying capacity. since most wiring is circular in cross section, it
is the practice to use a unit of area which is itself circular. This eliminates
the factor nt, in the calculation of cross sectional area.

A circular mil (CM) is a unit of area equal to the area of a circle whose

diameter is 0.001 inch or one ail. Diameter____ in___________

Area in Circular Nils = (Di 0ete 1nice) Eq. (4.6-4)

For example, referring to Table 4.6-1 the approximate outer diameter
of an AWG size 22 wire is .0253 inches.

Circular Nils (CM) = (.60-1 640 CH Eq. (4.6-5)

4.6.3 The AN Wire Gage Size

The use of circular ail area as a criterion for selecting wire gage size
can be illustrated by referring to Table 4.6-1. Notice the variations in circular
ail area and the outer diameters of each wire. These variations may not only
affect the proper selection of wire termination hardware but may alao affect the
maximum designed cu-rrent flow; the one exception, however, is the AN type wiring
designated by the asterisk. The AN type wiring (gage size) is NIL ."pecified and
current ratings and termination hardware are addressed in NIL-W-5088. (See Section
4.6.S).

4.6.4 Wire Construction

Quite often airframe wiring is thought of as only a means of conveying
electrical energy from one point to another. As a direct result many instrument-
ation engineers overlook some of the design considerations inherent in the con-
struction of airframe wiring.

4.6.4.1 Solid Wire Conductors

Solid wire conductors are generally the least expensive, but they are
physically quite rigid. Solid wires cannot withstand flexing, and wires smaller
than AWG 22 may change their molecular crystalline characteristics during vibra-
tion, and fail. In general, for aircraft uses, solid wiring should be limited to
very short lengths and h'eld rigidly in place. Further, it is recommended that
coaxial cables be used with stranded center conductors rather than solid conduct-
ors. The use of solid conductor wire wrapped terminals should be limited'to wiring
internal to equipments properly installed to withstand shock and vibration forces.

4.6.4.2 Stranded Wire Construction

Stranded wire conductors were developed for the practical considerations
of greater flexibility and flex life. A stranded wire can withstand vibration much
better than a solid wire. Further, any surface damage such as nicking or cutting
when the insulation is stripped off, can have less mechanical significance on a
stranded wire than a solid wire.

stranded wiring is more expensive than equivalent solid wires and its
weight and resistance is slightly greater. It should be remembered that the flex-
ibility of a finished insulated wire is affected not only by the conductor strands
but also by the insulation type and thickness.

4.6.4.2.1 Lay or Pitch

The lay of a helically laid wire is the unit axial length for one full
turn of the helix. Similar wire sizes are often commercially available in dif-

* ferent lay lengths, although just about any length can be made. The shorter the
lay, the greater the flexibility and strands would be less likely to untwist or
flare out when stripped bare. But shorter lays are more costly, elongation is
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reduced and the extra working of the lay could make the copper more brittle. The
direction of the lay length is important with some insulation stripping machines.
Left and right helical lays are shown in Figure 4.6-1.

RIGHT HANDD LEFT HANDLAY kI/lLAY
Figure 4.6-1 Examples of Right and Left 'Hand Lay.

4.6.4.2.2 Stranding Combinations

There Pre several types of stranding combinations &vail.-blc 0Wom are.
stronger, and more flexible- others are ch.-per. rýenertlly, all of the individuaal.
strands of wire are of the same s.ze; that is, eact, strza.d is the same circular nil
area.

4.6.4.2.3 Concentric Stranding

Concentric stranding consists of a central wire surrounded by one or more
helically laid layers. Concentric stranding gives an almost perfect circular cross
section, which permits the best centering of a wire within its covering. This
allows the application of a uniform thickness of insulation.

The mathematics of circles and diameters shows that 6 wires fit quite
nicely around one wire, and each succeeding layer fits neatly if it is increased by
six more wires. This results in "natural" groupings of 7, 19, 37, 61, 91, 127, and
so on, stranded wires (see Figure 4.6-2(a)).

TOTAL 6
NUMBER 7 I NUSBER OF

OF STRANDS I STRANDS PER 2DLAY
3 LAYER

5 ~
7 /
"9 NUMBER OF
SSTRAND DIAMETERS

. IN CROSS-SECTION

(0) (b)

Figure 4.6-2 Geometry of a Concentric Stranded Wire

By far the most popular stranding is the true concentric. Alternate
layers of stranding are applied in left and right hand lays. The bare outside
diameter of this type of stranding is quite predictable as 3, 5, 7, 9, etc., times
the diameter D of one strand as shown in Figure 4.6-2(b).

4.6.4.2.4 Uni-Directional Stranding

ei TIn this design, each succeeding layer of wires is laid in the same dir-
action. The final result is almost circular and its bare diameter is not accurate-
ly predictable. However, uni-directional construction is more flexible than true
concentric and has a longer flex life. It is also less expensive than true con-
centric since the manufacturing process can lay more than one layer of wire at a
time,.
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4.6.4.2.5 Bunchad Stranding

This stranding method twists the wires together without a pre-detervined
pattern. This is the least expensive way to strand wires, but the end result is
more of a hexagon in shape with no real uniformity. The peripheral shape can be
made more circular, with added cost, by an additional drawing operation thru a die
that re-forms the strands. Examples of bunched stranding are shown in Figure 4.6-3.

BUNCHEO 19 STRAIDS Is PN1
STRANDING NATURAL OfE FOMIO

Figure 4.6-3 Examples of Bunched Stranding.

4.6.4.2.6 Stranded Wire: Problems

During the era of soldered contacts on connectors and terminmls. th
peripheral geometry of a single wire was somewhat incidental as she by the vea-
ious soldered terminals in Figure 4.6-4.

Figure 4.6-4 Soldered Terminal and Connector Contacts.

The advent of the crimp contact, however, required that a round wire be inserted
into a cylindrical barrel. Since each contact is made for more than one wire size,
the largest wire size must be round so as to fit into the barrel quickly without
disturbing the strands.

One further comment regarding a round stranded wire relates to wire
strippers. Wire strippers are designed to strip round wires, and non-rounded vari-
ations can result in wire damage to individual wire strands. A loss of oae or more
wire strands will limit the wire current capacity.

4.6.4.3 Conductor Materials

Usually the system installation requirements determine the character-
istics of the wire conductor with economics and availability helping make the
choice. Conductor materials are selected for their physical as well as electrical
characteristics. The conductor must have high tensile strength and elongation,
good workability, flexibility and flex life, acceptable conductivity and resist-
ivity, low brittleness and high resistance to corrosion. Copper is by far the best
choice in metals. Taking into account all of its qualities, copper has the best
combination of electrical and thermal properties, malleability, strength, and the
ability to be coated or alloyed for special applications. This is not to discount,
however, other good metals and alloys that can be used for special purposes or as
they become economically practical.

4.6.4.3.1 Electrolytic Tough Pitch (ETP) Copper

This metal is the the most commonly used for electrical conductors. ETP
copper is refined to a high degree of purity, the main impurity being a small
amount of copper oxide which could cause embrittlement at high temperatures. Some
examples of the types and conductivity are: (as related to pure copper)

A. Soft copper - About 99.9% conductivity.

B. Medium Drawn copper - about 97% conductivity.
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C. Hard-drawn copper - about 97% conductivity.

There are other ETP coppers, but they are not commonly used for wiring conductors.

4.6.4.3.2 Oxygen Free High Conductivity (OFHC) Copper

OFHC copper is refined by a special process to a very pure grade of
copper with practically 100% conductivity. The improvement in conductivity over
LTP copper is of minor importance, but the OFHC copper has more ductility which
adds appreciably to the mechanical capabilities of the copper.

4.6.4.3.3 Copper Alloys

The trend towards miniaturization and high strength conductors has led to
the development of various copper alloys with exceptional mechanical capabilities.
These types can have from 200% to 500% more tensile strength than that of copper
alone and also have better flex life. Due to different manufacturing methods and
results, it is always best to specify the desired performance of the alloy rather
than just calling out the specific alloy. Although dozens of alloys are commer-
cially available, only those which are generally used will be described.

4.6.4.3.3.1 Cadmium-Chromium-Copper Alloy

Cadmiuu-Chromium-copper alloy, Alloy 135, exhibits quite consistent
and good physical characteristics with approximately 85% conductivity. Of the
copper alloys, this type has about the best tensile strength and flex life. Its
high tensile strngth and low elongation makes this wire especially suitable for
use in wirevrap applications requiring small wires.

4.6.4.3.3.2 Ca aium-Coover Alloy

Cadmium-copper alloy, Alloy 80 or 85 types, is a high-strength alloy
used in fine wire applications. This alloy has approximately 85% conductivity, is
easy to work with and is relatively inexpensive. However, this alloy has a soften-
ing temperature of approximately 1750 C (347* F).

4.6.4.3.3.3 Zirconium-Cooper Alloy

Zirconium-copper alloy, of the Alloy 63 type, has good physical charac-
teristics and can be used up to 4001 C (752* F) without trouble.

4.6.4.3.3.4 Coomer-Covered Steel Wire (Also called COPPERWELD)

Copperweld is not an alloy in the true sense of the word. It is made
by fusing an outer shell of copper onto a central steel core. This combines the
excellent properties of copper with the high strength of steel. The normal con-
ductivity is 30 or 40%, but where the application requires the transfer of radio
frequency energy, the conductivity approches 100% due to 'skin-effect'. Copperweld
has much better flex life and twice the strength of copper alone.

4.6.4.3.4 Wire Coatings

Copper has an inherent tendency to oxidize. At room temperature, bare
copper will slowly combine with the oxygen in the air to form a surface coating of
black copper-oxide which gets thicker with time. Raising the temperature will
accelerate the process. This oxide coating transforms copper into a very poor
conductor. Various coatings are used to retard this oxidizing process.

4.6.4.3.4.1 Tin Coating

Tin coatings are the most commonly used. In addition to being an
inexpensive way to protect the copper from oxidation, tinning the wire aids in its
solderability. Coating the wires with tin adds to its cost, but this price in-
crease more than offsets the copper oxidation preventative capabilities. Tinning,
does, however, slightly increase the basic resistance of the wire.

4.6.4.3.4.2 Heavy Tin Coating

Heavy tin coated wires are the same as normally tin coated wires,
except that the individual strands are coated 3 to 4 times as thick. Used with
high-frequency induction heaters the tin is melted in the stripped area only,
bonding the strands t.ogether for much easier soldering. This together for much
easier soldering. This wire is heavier and Stiffer than normally tinned wire and
costs approximately 10% more, but this is made up for by its easier soldering by
machine.

4.6.4.3.4.3 Pro-Fused Tin Coating

For pre-fused tin coating, the individual strands are heavy tin
coated, then fused all along the length of the wire prior to becominv insulation
covered. The strands remain bonded together when stripped anywhere along the
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length. This makes for very easy soldering, but the wire is much more rigid than
normally coated wires and its flex life is reduced.

4.6.4.3.4.4 Tin Over-Coating

For tin over-coating, the individual strands are normally tin coated,
then the whole stranded wire is given an extra tin coating. This extra tin coating
bonds together the outer perimeter of the strands. The strands remain bonded
together when stripped anywhere along the length. This makes for very easy solder-
ing. This wire is more rigid than normally tinned wire, but the bonding is easily
broken under flexure.

4.6.4.3.4.5 Tin Top-Coating

For tin top-coating, the individual strands are bare; then the whole
stranded wire is given a tin coating. Tin top-coated wire has the same properties
as tin over-coated wire; it is less expensive although it is also less corrosion
resistant.

4.6.4.3.4.6 Silver Coating

Silver coating is a highly desirable coating with excellent elec-
trical properties. Silver coated wires have high conductivity, good solderability,
excellent oxidant resistance, and is good for use up to 2000 C (3920 F). At radio
frequencies, the losses of silver coated wire are very low. Silver coated wire
costs more than tin coated wire, and its potential for wicking is con~sidered a dis-
advantage.

4.6.4.3.4.7 Nickel Coating

Nickel coating is a highly desirable coating with excellent elec-
trical properties. Nickel coated wire has excellent oxidation resistance and is
good for use up to 3000 C (5120 F). The solderability of nickel coated wire is easy
enough with the use of corrosive fluxes. Nickel coated wire is comparatively
costly, and because of its hardness, it is not recommended for use with crimp
terminals.

4.6.4.3.5 Aluminum Conductors

Aluminum conductors have been used for years in the electrical power
industry, and large sizes have been used in aircraft. In general, the aluminum
conductors used to date have been 8-gage or larger. These wires were practically
pure aluminum and had very poor mechanical characteristics. Experiments performed
with wires smaller than 8-gage and of the same nearly pure aluminum content de-
graded rapidly duringj handling.

One very bothersome problem was the removal of the oxide coating that
immediately forms on the conductor when it is exposed to air. For example, copper
conductors in a stranded wire are plated to insure a guaranteed transverse con-
ductance (conductivity between wire strands). Initially the stranded aluminum
wires were not similarly plated and good transverse conductance was never achieved.
Today, however, the conductors are plated and good transverse conductance is nor-
mal.

Regardless of the many problems encountered with aluminum electrical con-
ductcrs its advantages relative to weight alone make it especially desirable in
aerospace applications. Size-for-size shielded aluminum wires can provide up to a
66 percent reduction in weight when compared to copper.

4.6.4.3.6 Copper-Aluminum Systems

As aluminum wire technology advances, the acceptance of aluminum wiring
will probably be slow. The logical manner of progression is a mixed system of
copper and aluminum. To date, however, the effort to use existing copper termin-
ations have been less than successful. The copper alloys are particularly active
in producing electrolytic corrosion when exposed to an aluminum alloy. Platings
can be used for mutual protection, but the cut ends of the alumninums wire strand
expose its core. The exposed core adjacent to any exposed copper alloy only needs
moisture to start corroding the aluminum.

4.6.4.4 Insulation and Jacket Materials

There is no perfect, all around insulation material. Accordingly, there
are a great many insulation and jacketing materials available, each with its own
application. The selection then of the best material becomes a compromise between
what is needed for the system installation and of what is available.



Selection of an insulation material should be based on the intended use
under various conditions requiring knowledge of the electrical, environmental,
chemical, physical, and mechanical factors. other factors governing selection in-

* clude material compatibility with encapsulation, potting compounds, conformal
coatings, adhesives, shrinkable tubing, marking capabilities, and toxicity.

* 4.6.4.4.1 Voltace Ratina

The voltage rating as given by the manufacturer is the safe operating
maximum voltage that may be continuously applied to a finished wire. This v:.lue
represents a safety valve that takes into account all of the normally expressed
electrical stresses. For a given insulatior type the wall thickness is directly
proportional to its voltage rating.

It is a mistake to assume that a wire with a higher voltage rating is a
better wire since there is nothing to gain by using a wire with a higher voltage
rating than required. The penalties are added cost, size, and weight.

464.4.2 Environmental Characteristics

sustaining the operating characteristics of a material is usually de-
pendent upon the ability of the material to resist the harmful effects of its
environment.

4.6.4.4.2.1 Temperature

This is the operating temperature range over which the insulated
wire is expected to operate continuously without any loss of its basic properties.
This includes the ambient temperature plus the increase in temperature due to
current flow. (See Section 4.6.5.)

4.6.4.4.2.2 Porosity of Insulation (Moisture)

Moisture resistance is the ability of a material to resist the
absorption of moisture during conditiecns of humidity. The presence of moisture in
a material greatly reduces the insulation electrical capabilities.

4.6.4.4-2.3 &qging

Combinations of extreme environmental conditions will contribute to
the deterioration of tne wire insulation over prolonged periods of time.

4.6.4.4.2.4 Ozone Resistance

ozone resistance is the ability of a material to withstand a high
concentration of c~xygen (oz~one) produced by the discharge of electricity in the
air. The external energy field around a wire, if sufficiently intense in air, will
generate surface discharge and convert atmospheric oxygen into ozone which may be
destructive to the insulation.

4.6.4.4.2.5 oxidation Resistance

Oxidation resistance is the ability of a material to withstand the
surface degradation caused by the normal oxygen in the air.

4.6.4.4.2.6 Radiation Resistance

RadiAtion resistance, is the ability of a material to withstand
exposure to nuclear radiation and is expressed ii,, rads-gamuma. Degradation will
occur more readily when the insulation is operated at its rated high temperature,
or when outgassed material is present..

4.6.4.4.2.7 Resistance to Chemicals, Fluids, and Gases

An insulation material will vary in its ability to withstand contact
with any chemical, fluid, or gas. Of the many possible acids, oils, alkalincs, Sol-
vents, gases, or other corrosive and contaminating elements, a material can with-
stand some with ease, yet break down rapidly when exposed to others. Hence, each

* material must be investigated separately in accordance with the expected system
atmosphere.

4.6.4.4.3 Mechanical and Physical Characteristics

Sustaining the operating characteristics of a material is also dependent
upon the ability of a material ',o stand up under physical abuse or movement re-
quired by handling and use in a system.

4.6.4.4.3.1 Abrasion Resistance

Abrasion resistance is the ability of a material to resist surface
wear or other abrasive conditions. This is t~he most coinAon and abusive condition

thta wire is subjected to.
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4.6.4.4.3.2 Cut-Throuah Resistance

Cut-through resistance is the ability of a material to resist pene-
tration by a pointed or knife-like edge. This in important in tightly wrapped or
wirewrap systems where the wire may be pressed against a sharp corner.

4.6.4.4.3.3 Flammability (also called Flame Resistance)

Flammable: The material will burn, even after the flame source has
been removeda.

self-Extinguishing: The material may burn, but will extinguish
itself once the flame source has been removed.

Non-Flammable: The material will not burn under any condition,
although it may char a little.

4.6.4.4.3.4 Cold Flow Resistance:

Cold flow resistance is the ability of a materiai to withstand a
physical pressure from an outside force for long periods without any permanent
deformation. This resistance also augments cut-through resistance.

4.6.4.4.3.5 Flexibility

Flexibility is the ability of a material to be bent sharply and re-
peatedly without damage. Very important in wire handling.

4.6.4.4.3.6 Flex Life

Flex life is a measure of the ability of a material to withstand a
specified number of sharp bends without damage. This is important in systems that
require repeated equipment changes.

4.6.4.4.3.7 Adhesion of Insulation to the Conductor:

The adhesion of the insulation to the conductor is a measure of the
ability of a material to remain bonded to the conductor during wire preparation.
Important when handling lengths of 30 centimeters (12 inches) or less.

4.6.4.4.3.8 Elongation

Elongation is the percent increase in length that a material can be
stretched before there is any sign of rupture or break; this characteristic is very
important in system harness fabrication.

4.6.4.4.3.9 TensleStregS~h

Tensile strength is the basic strength factor of a material. It is
the ability of a material to withstand the specified tension without damage, such
as breaking, cracking, or tearing. After aging, the tensile strength is decreased.

4.6.4.4.3.10 N tasSing

Outgassing is the evaporation or sublimation of materials because of
exposure to the vacuum conditions of space. In space, outgassing will degrade any
insulation, especially those that contain plasticizers, flame retardants, or other
modifiers. In such materials, even a slight change can nullify the additive prop-
erties of the modifiers. Outgassing degrades the radiation resistance properties
of an insulation.

4.6.4.5 Insulation Material Types

Licted in Tablc 4.6-2 are some of the typical insulation materials and
their characteristics as judged from -rotine experience.
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Table 4.6-2 Comparative Environmental and Mechanical
Characteristics of Some Typical Insulation Materials

Resistance to -

Insulation Moisture Abrasion Cut- Flam- Chemical Weather Ozone Oxidation
Material through mability

PVC good fair poor self ext. good good good exc.
PTFE exc fair fair non-flam. exc. exc. exc. exc.
FEP exc fair fair non-flam exc. exc. exc. exc.
Polyalkene good good good self ext. good exc. good. exc.

Kynar good exc. exc. self ext good exc. good ---
Kapton exc exc exc non-flam exc. ext. e xc. e xc.
Nylon poor good good self ext. good good good exc.
Mylar good exc. exc. flammable good ...
Polyethylene exc. poor poor flammable good good exc. exc.

Silicone poor fair poor flammable fair exc. exc. exc.
Neoprene good exc. good self ext. good good good exc.
Butyl good fair fair flammable good exc. good exc.

Kel-F good good good non-flam good good good
Polypropylene good good good self-ext good exc good exc

4.6.4.5.1 Polytetrafluoroethylene - PTFE - TFE (DuPont: Teflon)

PTFE is a popular and versatile fluorocarbon insulation material.
PTFE has excellent electrical, thermal, and chemical properties. It is excellent
for use in high frequency applications, and its high heat resistance aids in solder-
ing operations. PTFE is rated at +2000 C (3920 F) with silver-coated conductors,
raised to +2600 C (500* F) with nickel-coated conductors. PTFE is expensive, but
this disadvantage is offset by its ease in handling and its higher current-carrying
capabilities, which makes it possible to operate with more current in smaller wires.
PTFE is also good for use in space environments. The use of PTFE is limited by its
poor abrasion and cold-flow resistance And its poor adhesion to conductors which
makes it too slippery to handle in short lvngths of 30 centimeters (12 inches) or
less. PTFE has relatively poor marking characteristics, since in time, blue turns
to gray and red turns to orange, although some of the newer additives improve these
properties. PTFE is sometimes doubled with other materials, where each material im-
proves the lesser properties of the other.

4.6.4.5.2 Fluorinated Ethylene Propylene - FEP (Dupont:Teflon 100)

FEP has almost the same advantages in use as PTFE with its excellent
electrica'a, thermal, and chemical properties. The differences, though small, are
important. FEP is rated at +200* C (392* F), 500 C (1220 F) lower than PTFE. Hence
its heat resistance and soldering capabilities are just a little poorer than PTFE.
But FEP is less costly than PTFE because the manufacturing techniques are simpler.
FEP is easier to color-code. FEP is sometimes doubled with other materials, where
each material improves the lesser properties of the other. A new type, foamed FEP,
is getting some usage, since it has a low dielectric constant and is even better
electrically than PTFE.

4.6.4.5.3 Cross-Linked Polyalkene - Under an Over-Jacket of Cross-Linked

Cross-linked polyalkene under an over-jacket of crosslinked Kynar is one
of the better combinations of insulation materials. This combination is lighter
than PTFE, but the biggest advantage of a cross-linked aaterial is its excellent
radiation resistance, which allows it to operate in space environments. This com-
bination exhibits good electrical and excellent mechanical properties, since each
material improves the lesser properties of the other. Cross-linked alkene is also
formulated with a cross-linked imide mate jial, which further improves the mechanical
properties of the primary insulation. This formulation is then covered by a very
tough imide over-jacket which also has excellent radiation resistance.

4.6.4.5.4 Polyimide (DuPont: Kapton)

Kapton is one of the better insulation materials. It is a very tough
material with excellent mechanical, thLemal and chemical properties. Its radiation
resistance is outstanding. Kapton in very thin-wall construction is used in com-
bination with other insulation materials, where each material improves the lesser
properties of the other. Kapton is not easy to work with because it is stiff and
difficult to strip. Ref. (42)

4.6.4.5.5 Nylon

Nylon, a member of the polyamide family, is a very tough insulation
material. Because of its toughness, it is used extensively as an over-jacket. The
use of Nylon is limited by its relatively poor electrical properties and its poor
moisture resistance. The nature of Nylon limits its use to wires under 0.635 centi-
meters (0.250 inch) in diameter.



88

4.6.4.5.6 Polyethylene Terephthalate (DuPont: Mylar)

Mylar is a tough insulation material with a good balance of electrical
and mechanical properties. In very thin-wall constructions, Mylar is used as an
over-jacket to prevent migration through shielding braid. Often, Mylar is formu-
lated with copper or aluminum to form a shielding braid that is laid over a shield-
ing braid already present to improve the shielding efficiency. The use of Mylar is
limited by its flammt',ility.

4.6.4.5.7 Polyvinylch]oride (PVC)

Polyvinylchloride (PVC) is the most popular and versatile low-cost in-
sulation material for operation at temperatures to 1500 C (3020 F). PVC has accept-
able electric properties at power and audio frequencies. PVC is soft, flexible
material. At additional cost, copolymers with additives are made that improve the
el-trical and mechanical properties of PVC. The use of PVC is limited by its poor
cut-through resistance. In addition, at low temperatures PVC insulation stiffens
and may crack when bent. PVC insulation is also susceptible to solder iron damage
during the assembly stages. To some extent, crimped contacts alleviate this prob-
lem.

4.6.4.5.8 Polyvinylidene Fluoride - (Pennsalt: Kynar)

Kynar is a very tough insulation material with excellent cold flow &nd
abrasion resistance. The use of Kynar is limited by its high capacitance losses
due to its relatively high dielectric constant. Kynar is usually used as an over-
jacket over another insulat.on material, where each material improves the lesser
properties of the other. Kynar can be used as a replacement for Nylon. It is not
quite as tough as Nylon, but it has much better moisture resistance.

4.6.4.5.9 Polyethylene

Polyethylene, a member of the polyolefin family, has excellent electrical
properties, but poor mechanical and thermal properties. Polyethylene is very light
in weight and performs very well in high freqteucy applications due to its low
capacitance losses. The use of polyethylene as limited by its flammability, its
poor abrasion and cut-through resistance, its low heat resistance and its stiffness,
although some of the ner additives improve these properties. Polyethylene is
usually used under an over-jacket of a tougher material. Cellular or foamed poly-
ethylene has better electrical properties than solid polyethylene, but they are not
as durable.

4.6.4.5.10 Silicone Rubber

Silicone in all of its many formulations is used mostly in high
voltage applications. This material has good electrical and thermal properties and
better radiation resistance than most other thermoplastics. The use of silicone is
limited primarily by its flammability, although during burning it develops a white,
non-conductive ash which temporarily forms an added good insulation. Silicone is
also limited by its poor mechanical properties ai.1 its poor moisture and chemical
resistance.

4.6.4.5.11 Polychloroprene - Neoprene

Neoprene is a tough insulation material and for this reason is
usually used as an over-jacket. Neoprene is excellent for use at power and audio
frequencies, and at low voltages. The use of Neoprene is limited by its poor
thermal properties, and its hiih capacitance losses due to the high dielectric
constant.

4.6.4.5.12 Butyl Rubber

Butyl is somewhat similar to Neoprene. Though not as tough as
Neoprene, Butyl has good electrical properties. Butyl is a flexible material and
is compatible with the more exotic fuels.

4.6.4.5.13 Monochlorotrifluoroethylene (3M: Kel-F)

Kel-F has almost as good properties as PTFE. It is tougher than
PTFE, but doesn't operate as well at the higher temperatures. It is not as popular
as PTFE since the cost is about the same, but its versatility is not as good as
PTFE.

4.6.4.5.14 Polypropylene

Polypropylene, a member of the polyolefin family, has good electri-
cal and mechanical properties. it is a tough material, as good as Nylon, which
makes it practical for use as an over-jacket. The use of polypropylene 3.6 limited
by its poor operating characteristics at moderately low temperatures. Polypropy-
lene has poor marking characteristics, since in time, blue turns to gray and red
turns to orange. Presently, the main area of use for Polypropylene is in tele-
phone communications cable.



-4.6.4.6 Shielding 
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Important circuit advantages are gained by the addition of a metal shield
around an insulated wire. The purpose of the shielding is (1) to prevent external
electrical energy fields from entering the internal conductor and interfering with
the circuit signal, (2) to restrict the electr..'c field generated by the inner
conductor from radiating into adjacent or nearby conductors, or (3) to act as a
secondary conductor in matched or tuned circuits. Basically, shielding prevents
noise, cross-talk, RI leakage currents, and shock to personnel, since in any high
intensity power area, such as rpdar, ac power circuits, motors, multi-conductor
cables, etc., any conductor can act as theb secondary winding of a transformer and
pick up these external energy sources.

Like other elements of a wire, there is no perfect constfuction method
*for shielding. There are compromises between the amount of electrical energy
* shielding that can be obtained, the flexibility lost, and the additional size, weight,

and cost. Twisted pairs is the easiest and best protection. method for two wires to
cancel the electxomagnetic effect between two wires. This is most effective for a
balanced pair, at low frequencies. but for general use shielding, an insulated
conductive metal covering is the best method.

4.6.4.6.1 braided Round wire Shielding

By far the most common and most effective shielding is braided round
copper wires suitably coated to prevent corrosion and oxidation. This method gives
reasonable flexib~ility and flex life, with good coverage from 80% to 98% depending
upon how closely it is braided. Termination methods, while not simple, are well
known. This method adds the most in size and weight but is the least expensive,
since it is the easiest method to manufacture. These shields should not be placed
directly over thermoplastic insulation materials since heating the shield during
soldering, for example, could cause the insulation to "flow" and permit the shield
to come in contact with the inner conductor.

4.6.4.6.2 Braided Flat Wire Shielding

Braided flat wire shielding is widely used. It is made the same way as
round wire shielding except that the individual strands are flat. The build-up is
much smaller and lighter, but termination is difficult, requiring special tech-
niquess. Braided flat wire is limited by its poor flex life (approx. 10-15 flexes).
braided flat wire should not be laid in tigait bends, since the bends can cause the
flat wires to kink and break, resulting in a loss of shielding effectiveneS3.
Clasping the shielding near any point of flexing or bending will also cause the
strsnds to break.

4.6.4.7 Jackets - Over-Jackets - Secoudgar Insulation Materials

Jacket insulation materials are often laid as an over-jacket over a
primary insulation to give added protection to the construction. The best jacket
materials are those that can be used in thin-wall construction that gives to the
fini'shed wire or cable the mechanical, environmental, and chemical properties that
the unfinished wire lacks. Secondary insulation materials selected should always
be temperature matched and compatible with the primary insulation, since migration
between materials occurs which could contaminate the insulations.

Jackets are almost always laid over a shielding braid to insulate the
shield from ground, other shields, or personnel.

Jackets are ailso used as a binder over groups of wires or cables to make
a multi-conductor cable.

In addition to materials normally used as insulations, Jacket. can be
made of fibrous or textile brai~¶s, suitably treated to give protection to the wire
or cable.

4.6.4.8 Multi-Conductor Cables

increasingly complex circuitry makes the use of "many wires within a
single jacket a practical solution. A multi-conductor cab le issimply a group of
individual wires covered by an overall jacket to hold the wires together in a
bundle or harness. There is no end to the types and combinations of wires that can
be and are made into multi-conductor cable constructions. The properties of multi-
conductor cable are cumulatively those of the individual conductors and the insu-

lation materials.

in multi-conductor cables, the wires can be laid concentrically, bunchedI
or parallel, as desired. Shielding can be placed over individual wires or groups
of wires or over all the wires under the jacket, in any of thm acceptable shielding
braid constructions. Fillers or binders are often um~ed to give a roundness to the
finished cable.

individual Jackets and overall Jackets should be compatible with each

other in their electrical and environmental properties and , if desired, they shouldbe capable of sliding against each other, enabling free movement during bending.



Sometimes a multi-conductor cable without an overall jacket is desired.
This harness is simply epot-tied together at proper intervals.

The current carrying capacity of multi-conductor cables in much lower
than those of individual wires due to the greatly decreased surface area of a wire
exposed to the atmosphere. Each multi-conductor cable must !)e investigated for
this reduced capacity (See Section 4.6.5).

4.6.4.9 Color Coding

Color coding of wires is simply a system for easy identification by
personnel. Color coding is done by solid colors, colored tracer strirs or bands
over a solid color background, colored braids or surface printing.

Color coding ger'rally follows the requirements of NIL-STD-681, which are
universally known and accepted. This specification allows the use of 10 basic
colors and assigns a number to each color (see Table 4.6-4). Ref. (43).

Table 4.6-3 NIL-STD-681 Color Code

Number Color Number Color

0 Black 5 Green
1 Brown 6 Blue
2 Red 7 Violet
3 Orange 8 Gray
4 Yellow 9 White

NIL-STD-681 allows for the use of only these 10 basic colors with up to
three color stripes on a white background. More than three stripes has been found
to be impractical.

For easy identification when there is more than one stripe, the first
stripe is much wider than the others, which are read in sequence. Using the NUMBER-
COLOR system, a wire can easily be identified. For example 9346 ii. a wire with a
9-White background (always white), followed by a 3-Orange stripe (wide), followed
by a 4-yellow stripe (narrow), followed by a 6-Blue stripe (narrow).

MIL-STD-681 also gives functional relationships to certain colors or
color combinations which saves a great deal of time for personnel to identify
certain functions generally associated with circuitry.

For color retention black is the preferred color for radiation resistance
applications. With PTFE or polypropylene insulation, blue and red should be avoided,
since in -.ime blue will turn to gray and red will turn to orange. The use of heat
guns should be avoided as black colored insulation absorbs heat quicker than the
lighter colors.

4.6.5 Wire Gage selection

The actual selection of the wiring that is installed in aerospace ve-
hicles is carefully guided by suitable specifications that have been developed over
the years. Once such specification is NIL-W-5088H. (Ref. 4).

4.6.5.1 History of MIL-W-5088H dated 20 July 1979

This specification was initially published in March 1951, superseding the
AN-W-14a specification dated May 1945. Then as now, the specification outlines the
selection and installation of wiring and wiring devices used in aerospace vehicles.
The intent was to establish a design-selection criteria for basic aerospace vehicle
wiring. Fortunately, over the thirty years since its inception, sufficient support-
in- data has been added to this specification to provide guidance for instrumen-
ta°ion subsystem installations.

Two basic types of information are required for the selection of a wire
size. The fizst is the data that defines the current carrying capacity of a sinqle
wire in free air at sea level ambient temperatures. The second is environmental
operating information relative to using the wire as part of a wire bundle at alti-
tudes other than sea level.

The importance of the type of data contained in NIL-W-5088H cannot be
overemphasized. The instrumentation engineer can use this data to optimize the
selection cf wire size and current carrying capacities or use it to evaluate wiring
already inatalled in the aircraft.

The installation of instrumentation wiring requires a thorough knowledge
of the subsystem to be tested, the test procedures to be used, and the mission
profile. For example, evaluation of a landing-aid subsystem may require that the
instrumentation system be operational only for altitudes below 3 kilometers

lif



(10,000 feet). If so, tJer, selections of cable size and current capacity are not
"critical factors. At increasingly higher altitudes, however, altitude becomes a
critical selection factor and must be considered.

4.6.5.2 Using_ IL-W-5088H Selection Criteria

To illustrate the use of NIL-W-50S8H, Figuree 3, 4, and 5 (From NIL-
VW-50BH) have been re-printed in this section as Figures 4.6-5, 4.6-6, and
4.6-7, respectively.

Figure 4.6-5 shown here is wire @ise as related to its ampere current
capacity and environamntal temperature as measureG at sea level. Remember that

the wire size (or gage) as shown is only true for the AN conductor (see Section
4.6.1). For purposes of clarification only wire sizes AN 24 through AN 6 are shown.
wire sizes 4 to 4/0 have been omitted.

__ SINGLE WIRE IN FREE AIR
WIRE SIZE 24 22 20 18 16 14 12 I0 6

//

i- 200-

Z 100

tGo
60

a 50

-40

~30

a.a 20

1/ NOT TO e USED AS A SINGLE WIRE

2 3 4 56 07 ;10 20 30 40 5060 R090'00 200 300

CURRENT AMPERES

Figure 4.6-5 Single Wire in Free Air

Figure 4.6-6. This is the first time that a complete bundle derating graph
has appeared in NIL-W-5088. Prior to this issuance (H), bundle percent loading was
fixed at 20%. This new graph now includes 40, 60, 80 and 100 percent loading and has
extended the use of this Military Specification.

S1 1
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Assume a wiring harness consisting of 12 AN 20, 200* C (392" F) rated
wires. The harness will operate ius an ambient of 253 C (77' F) at 3 kilometers
(10,000 feet) altitude and 1100 C (230* F) at 15.2 kilometers (50,000 feet) alti-
tude. All twelve wires will be operated at their maximum capacity. Determine the
maximum current capacity of the wiring harness for both altitudes.

a. Referring to the "Single Wire in Free Air" curve in Figure 4.6-5,

determine the AT of the wire to determine free air ratings.

Example 1: AT for 250 C (770 F):

200' C - 25* C = 175' C (3470 F)

Example 2: AT for 110' C (230" F):

200* C - 110' C = 90* C (194° F)

The free air ratings of size 20 wire are:

Example 1: AT of 1750 C (3470 F), use 28 amperes.

Example 2: AT of 90' C (1940 F), use 20 amperes.

b. Refer next to the "Bundle Derating Curves" bhown in Figure 4.6-6.
The 100 percent loading curve is selected because each wire is to carry its maximum
loading. Next locate 12 on the abscissa since 12 wires are being used and de-
termine the derating factor of 0.53.

c. Now derate the size 20 wire free air ratings using 0.53.

Example 1: 28 amperes x 0.53 = 14.8 amperes

Example 2: 20 amperes x 0.53 = 10.6 amperes

d. The wire bundle must now be derated for altitude. Refer to the
"Altitude Derating Curve" in Figure 4.6-7.

Example 1: The derating factor for 3 kilometers (10,000 feet) = 0.92.

Example 2: The derating factor for 15.2 kilometers (50,000 feet) = 0.71.

e. Derate the wire bundle further by using the altitude derating factor
determined in Wd) and the current values determined in (c) above.

Example 1: 14.8 amperes x 0.92 = 13.6 amperes

Example 2: 10.6 amperes x 0.71 = 7.5 amperes

f. The total bundle current capacity for example 1 is:

13.6 amperes x 12 = 163 amperes

The total bundle current capacity for the same bundle in example 2 is:

7.5 amperes x 12 = 90 amperes.

The significance of these two examples is the different amounts of cur-
rent that the same 20 gage wire can carry. The instrumentation engineer has two
choices in selecting the w'.re sine for a subsystem installation. Either design to
a worst case condition (example 2) or design for a specific need (example 1). The
choice is not always easy.

In the previous examples, the installation wiring was specified and sup-
porting calculations were made to determine the maximum current capacity of the wire
harness. If the results had been unsatisfactory, new calculations using a different
wire size would have been required.

In a situation where existing wiring must be used, the calculations need
to be performed in a reverse sequence. Using the previous example of twelve AN 20
gage wires at 15.2 kilometers (50,000 feet) and 110 C (2300 F) ambient, if 9.0 amperes of
current was required, all other conditions remaining the same, the only design
possibility would be to reduce the size of the wire bundle so that it can carry
more current. Accordingly, from example 2:

(a) Free air rating of a size 20 wire: For a AT = 90' C (194' F), the
rating is 20 amperes.

(b) Derating the value in (a) by the altitude derating factor: 20 amp-
eres x 0.71 = 14.2 amperes

(c) Then since the bundle size is unknown use the currerit valve deter-
mined in (b) and solve for the bundle derating factor that results in 9.0 amperes.
14.2 amperes x derating factor = 9.0 amperes.
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9.0Derating factor i- 0.63.

A 0.63 bundle derating factor provides for only eight wires in a bundle
under these conditions. At this point it might seoo reasonable to use the initial
design of twelve conductors but separate the wiring into two bundles and then at
the connector combine them again into a harness of twelve. This may or may not be
a good idea as discussed in the next section.

4.6.5.3 Connector Selection as a Part of Wire Bundle Desijn

The discussion of the NIL-W-5088H specification thus far-has related
only to wire gage selection; however, the Military Specification does comment brief-
ly on wire termination devices.

TEST CURRENT

Maximum current ratings of contacts and maximum allowable voltage
drop under test conditions when assembled as in service are shown
below. Maximum total current to be carried per connector is the
same as that allowable in wire bundles as specified in NIL-W-5088.
CURRENT RATING (MIL-C-5015 (G) test method)

Max. Current Test Current Potential Drop
Contact Size Rating (amps) (amps) (millivolts)

16 22 13 50

12 41 23 50

a 73 46 25

4 135 80 14

0 245 150 12

Figure 4.6-8 Example of Connector Contact Ratings
Roferencing MIL-W-5088. Ref. (4).

The Military Specification is careful to point out that the current ra-
tings in figure cannot be directly applied to connector contacts. However, the
connector manufacturer has used NIL-W-5088 as a design aid and has published
connector data as shown in Figure 4.6-8.

One of the problems associated with correlating connector and wiring
specifications through the use of NIL-W-5088 is that the desin changes in one
often affect the other. For example, the maximum current ratings shown in Figure
4.6-8, circa 1980, do not correlate with the wire bundle ratings shown in Figure
4.6-10 , MIL-W-5088H. The connector manufacturer does, however, have the correct
approach to connector selection because one of the most comon errors made In
selecting a connector is to disrejard the effects of the wire bundle configuration.
A connector converts all of the wires routed through it into a bundle, particularly
high density connectors. Thus, all of the factors that limit bundle configuration
should also be considered when selecting a connector.

To assist engineers and designers in the proper application of their
connectors, the manufacturer wilj. usually provide useful design criteria infor-
mation. The time-temperature curves shown in Figure 4.6-9 are an example of the
type of information that the manufacturer prvides. The "haracteriatics shown in
Figure 1.6-9 represents a connector with a shell mis* 12 and sine 20 contacts
designed to meet high temperature requirements. Although the information shown
represents a sea level environment, the fact that the temperature curve limits are
bared on a connector contact temperature of 2390 C (4620 F) permits comparative wire
bundle/connector calculations. Assuming the connector to be equivalent to a wire
bundle, the effects of the connector dielectric block in which the contacts are
positioned will be equated to the wire insulation characteristics. The data sup-
plied by the manufacturer states that the connector will operate satisfactorily at
altitudes in excess of 18.3 kilometers (60,000 feet). Example 2 in Section 4.6.5.2.1
will be used as a basis to e%aluate this connector.

The wire bundle (connector) consists of twelve wires (contacts) of gage
size 20. The contact temperature limitation of 2390 C (4620 F) will be conmndered
as equivalent to the wire temperature rating shown in Figure 4.6-5. From the pre-
vious example the ambient temperature will be 1100 C (2300 F) at 15.2 kilo--iters
(50,000 feet). As shown previously, 9.0 amperes can be continously routed through
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a wire bundle of eight size 20 wires at 2000 C (3920 F). The question to Do answered
is this: If only eight of twelve wires in the bundle could carry 9 amperes, can
the connector tolerato all twelve wires in their original bundle form; e.g. eight
wires carrying 9.0 aMperes and 4 wires carrying 7.5 amperes. The answer is impor-
tant. If the connector cannot tolerate the continous current, then a new design
approach is required.

300 AMPERES ...... ... 600

AMBIENT 200 , - 1 AMBIENT

TEMPERATURE, 300 TEMPERATURE,

0 3060

0,. 1.0 10 100 K) 0

EXPOSURE TIME, Hr.

I I 1 1 12 e -PeN CONNECTOR
0 5 tO 30 60

EXPOSURE TIME, Min.

Figure 4.6-9 Connector Exposure Time and Temperature Limitations Based
on Contact Temperature of 2390 C (4620 F).

(a) Determine the "Single Wire in Free Air" rating:

AT = 239* C - 110* C = 129* C (264* F)

From Figure 4.6-5 obtain the current rating of an AN 20 wire at a
AT of 1290 C, rating = 24 amperes.

(b) Refer next to Figure 4.6-6 "Bundle Derating Curve" and derate the
connector (wire bundle) 1.or 100 percent loading. The derating factor for twelve
contact (wires) is 0.53.

(c) Now derate the "Free Air Rating" of (a) by the bundle derAting
factor found in (b) above.

24 amperes x 0.53 = 12.7 amperes.

(d) The connector (%ire bundle) must now be derated for altitude. Refer
to the "Altitude Derating Curve," Figure 4.6-7. The derating factor for 15.2 kilo-
meters (50,000 feet) a 0.71.

(e) The first step is to derate the connector (wire bundle) using the
bundle derating current valve from (c) and the altitude derating factor from (d)
above.

12.7 amperes x 0.71 = 9.0 amperes

(f) The total current capacity for the connector is:

12 (contacts) x 9 amperes = 106 amperes

The 9.0 amperes from (e) indicate that the connector can be used to carry
the continous current ýhat required the bundle separation.

One further calculation may be of interest.

It was possible to route eight wires carrying 9 amperes and 4 wires
carrying 7.5 amperes through the connector rated in Figure 4.6-9 becaube the con-
nector was designed to tolerate much higher temperatures than the wiring used.

From the calculations shown in Section 4.6.5.2.1, Example 2, the total bundle
current capacity at 15.2 kilometers (50,000 ft) for a 1100 C (3200 F) ambient was
90 res. Thi90 amperes can be distriouted in any way deemed necessary. For
e*

10 wires at 9.0 amperes x 90 amperes

6 wires at 9.0 amperes and 6 wires at 6 amperes a 54 amperes + 36 amperes
, 90 amperes.
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As long as the bundling rating of 90 amperes is not exceeded for the same
operational conditions, any combination of current ratings not exceeding 90 amperes
is satisfactory, although concentrated high-current wiring could cause "hot spots"
which should be avoided.

Figure 4.6-10 is a re-printing of Table I as it appears in NIL-W-5088H.
It should be noted that this Table is a departure from all previous wire current
ratings shown in NIL-W-5088, First, the Table no longer includes single wires and
second, the basis for ampere ratings are different as explained in footnote 2.

TAaLz I. Current Rating of Wires. _/

(See 3.8.8.1, 3.8.8.1.1, 3.8.8.3)

Continuous duty current (amperes) 2
Conductor Wire Wires in bundles, groups or harnesses
material size

Wire temperature rating

1050C 150 OC 200 C

Copper 1/26 2 3 4
or 24 3 4 5

Copper 22 4 6 7
Alloy 20 5 8 10

18 7 11 14
16 8 12 16
14 11 17 22
12 15 22 29
10 19 30 38

8 26 39 50
6 35 53 68
4 48 '2 93
2 66 100 130
1 78 115 148

1/0 89 135 173
2/0 106 159 203
3/0 125 186 241

4/0 146 220 287

1/ 8 17
6 23

Aluminum 4 30
2 43
1 50

1/0 57
2/0 68
3/0 76
4/0 86

I/ The use of these wires requires procuring activity approval.
I/ Rating is for 700 C ambient, 33 or more wires in the harness

with no more than 20% of harness current capacity being used,
at an operating altitude of 60,000 feet.

3/ Current rating of wire terminating hardare is not covered by
this table.

Notes: 1. Ratings are for copper conductors size 4/0 through
size 22 and copper alloy for size 24 through 26.

Figure 4.6-10 Reprint of Table I, NIL-W-5088H.

4.6.6 Exappe - Selection of a Wire Conductor and Its Insulation Material

Kxamples of selecting the proper AN gage size of wiring are presented in
Section 4.6.5. However, gage selection is only part of the decisions to be made
prior to specifying the type of wiring to be used for any given installation.

The following example discusses some of the typical problems encountered
an a result of selecting nickel-plated and silver-plated Teflon covered wiring for
an aircraft instrumentation installation.
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4.6.6.1 Conductors - Because of the installation temperature requirement of 250" C,
(4820 F) in Mhe engine areas, nickel-plated copper was selected as one of the con-
ductor materials. This material does not solder easily without the use of cor-
rosive fluxes; thus all connections were crimped rather than soldered. The nickel
plating, however, alters the ductility of the overall wire, and careful crimping
techniques are requirel to ensure an adequate crimp. Because of required weight
restrictions a gage size of AN 24 was selected.

The conductor chosen for the extremely lonj wire runs in the fuselage
was silver-plated copper. This material combination is more susceptible to oxi-
dation than nickel-plated copper, but is somewhat lower in ohmic resistance. The
minimum wire size selected for these long wire runs was AN 26, but due to breakage
problems, AF 22 wire was finally used. Here again, crimping was chosen rather than
soldering for nearly all applications. Because of the weight problem incurred in
changing froet twenty-six-gage to twenty-two-gage wire, the use of a.uminum conduc-
tors was invitstigated. The investigation revealed little development in termi-
nation techniques and little or no past experience in aircraft environment. Further
consideration of aluminum was discontinued, and the weight penalty was absorbed.

4.6.6.2 Conductor Insulation - Off-the-shelf Teflon PTFE insulation was selected
to satisfy the venvironmental conditions. Teflon insulation has good temperature,
dielectric, abrasion-resistance, and chemical resistance properties. A polyimide
outer cover was specified for the nickel-coated copper to provide additional
abrasion resistance and to inhibit the tendency of Teflon to cold flow.

Some of the problems associated with the wiring were breakage, insulation

damage, and radial cracking of the insulation. Breakage and insulation damage were
caused by mishandling; however, modified handling procedures reduced the occurrence
of breakage. Radial cracking of the insulation was due to incomplete curing at
elevated temperature during application of the insulation to the conductor. An
improperly cured wire was detected during harness fabrication, and a bend test was
developed to detect this deficiency during incoming inspection.

Briefly, this bend test was done by wrapping a short piece of the wire around
a tapered mandrel and immersing it in a solution of normal methyl pyrrolidone. An
under cured coatinq appeared "crazed," whereas the properly cured coating did not.

The silver-coated copper conductor was specified as using a production tape-
wrap insulation that consisted of two oppositely wound layers of polyimide each
with 50 percent overlap. After application of the tape wrap, a dispersion coating
of Teflon was applied to provide an environmental seal and a chemically resistant
barrier for the polyimide. (This type of construction is avail'.ble off-the-shelf
per applicable Military Specification). Chemical resistance wis important because of
the presence of engine fuels. Teflon is impervious to engine fuels, but the poly-
imides are not. However, precautions were taken to use the Teflon-covered con-
ductors in the fuel/engine areas.

During the early stages of installing the completed harnesses in the aircraft
a variety of minor problems occurred. Breaking and insulation damage were caused
by mishandling, and additional handling procedures were written which effectively
reduced these pro Alems. Breakage and insulation damage were checked before and
after harness installation by a continuity check and an insulation/resistance
check.

A problem of low surface-insulation issistance occurred when the black color-
ing added to the dispersion coating was found to contain an excess of carbon, which
rendered the coating less resistive than the 5 megohms specified in the procurement
contract. This did not create problems in the 115 vac or 28 vdc power circuits,
but it did create a potential problem to the low voltage caution and warning sens-
ing circuitry. The potential problem exists when the low resistance insulation
comes in contact with ground through a resistance path of 4 megohms or less. As
shown in Figure 4.6-11, this dispersion coating may make contact with the conductor
through the metallic portions of the crimp splice.

OUTER METALLIC SLEEVE

FISI1LE POINT OF CONTACT

S~OISPI'RSION COAT

INNER METALLIC BARREL

Figure 4.6-11 Crimp Splice Showing Possible Dispersion
Coat Point of Contact.
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Acceptance testing originally did not include measuremant of the dispersion
coating. The acceptance testing procedures were modified to include these tests,
and no further problems of this type were encountered.

4.6.6.3 Wire Splices - Crimp splices were chosen in lieu of solder splices to
achieve better compatibility with nickel-plated wire. &.!zing harness fabrication,
sample pull tests and careful calibration of all crimping hand tools elimingted the
possibility of defective crimping.

Pull tests performed during harness fabrication detected such problems as
defective crimping tools, incorrect wire size, and incorrect ferrule sizes. Prob-
lees encountered early in the program included inadequate crimping, which allowed
the wire to pull out, and overcrimping, which crushed the wire strands and made them
brittle and more susceptible to breakage. The problems of crimping techniques were
eliminated by providing additional training for the less experienced technicians.
Later on in the program the wire splicing was replaced by using modular terminal
junctions. (See Section 4.7).

4.6.7 Selection of Flat Cables

Flat, flexible, multi-conductor cable is one of the newer technical
advancements in the conductor field. Flat cable can provide a substantial savings
in size and weight. It is very flexible and can be folded, bent around corners,
twisted, spiralled, accordioned, cemented, or clamped. Flat cable provides elec-
trical properties that can be closely controlled. Flat cable comes in a variety of
styles: Laminated or etched, flat or round conductors, with or without shielding.
Mit of the normally used jacket materials can be supplied as the insulation. Flat
cable applications are limited by the fact that the designer must determine and fix
his needs permanently, well in advance. Changes cannot be made, or at the least
are very difficult to make. Termination methods have been a problem, but non-
complicated, reliable connectors, at reasonable prices, are available on the mar-
ket for use with the more conventional 'standard' flat cables. Ref. (44).

4.6.7.1 Flat Cabling - Definitions

Before discussing the characteristics of flat cabling a basic under-
standing of the various concepts must be established. The following section will
provide flat cabling definitions, some typical comparisons and applications.

4.6.7.1.1. Flat Conductor Cable (FCC)

Flat conductor cable is an electrical cable consisting of three or
more solid, rectangular nickel-plated copper conductors. The conductors are em-
bedded in high performance insulating material in a flat and parallel configuration
(Figure 4.6-12).

I NSULATION

METAL
SHIELD -

INSULATION

GROUNDOU

CONDUCTOR

METAL

SHIELD

Fig. 4.6-12 Shielded FCC with Offset Edge Conductors

4.6.7.1.2 Flat Flexible Cable (FFC)

Flat flexible cable encompasses all categories of wiring geometri-
cally combined into a flat and parallel configuration. The wire may be rourd-solid,
round-stranded, rectangular (FCC) or etched. The conductors are laminated between
thin flexible insulating films and held in a flat configuration (see Figure 4.6-13
and Figure 4.6-14). This type of cable is often referred to as ribbon cable. Ribbon
cable, however, is usually of a lighter construction. Ref. (45).

S. .. . . . . . . . . . .. . . . . . .. . - .. . ." " ' '•-l * . • ,: , • . . ." ' • "
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FLAME RETARDANT

Figure 4.6-13 AWG 28 Stranded color-Coded Flat Cable
(50 Conductors)

53.97 ±.63 mm
(2.125±t .025) INCHES

(2.063 t .020)

" ~1.07 t_ .O8

(.042- .0031

NO. 26 AWG(.404)
BROWN -- BARE SOLID

0SLOS MPCiT COPPER CONDUCTORS
17940 F (ý90° C) PVC INSULATION

FLAME RETARDANT
aim
ORtANOR

YELLOW

BLUE

VIOLET

MITE
@LA=

Figure 4.6-14 AWG 26 Solid Color-Coded
Flat Cable. (50 Conductors)

4.6.7.1.3 Ribbon Cabling

Ribbon cabling consists of conventional round-solid or round-stranded
insulated wires laid side by side and bonded together. Examples are shown in Figure
4.6-15 and Figure 4.6-16. Ref. (47).

30 AWIG a 0.81mm (.032 in)
28 AWG -0.89mm (.035 in)
26 AWG a i.Omm( .038 in)
24 AWG - 1.12mm (.0441n)
22 AWG a 1.30mm ý.051 in)

Figure 4.6-15 Stranded Tinned Copper Conductors Insulated and
Bcnded Together to Form a Ribbon Cable
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"W"

2.24 mm NOW .. jiI
1.066 in)

Figure 4.6-16 Stranded Tinned Copper Conductors Insulated and
Twisted Into Pairs Formed Into a Ribbon Cable

4.6.7.1.4 Flexible Circui Board

The flexible circuit buard is produced by etching. After the con-
ductors are etched, they are laminated with a protective insulation. The laminate
may be as simple as a sprayed-on insulation or a complex conductive shield.

4.6,7.1.5 FCC Capabilities

The space saving feature of flat conductor cables was recognized and
first patented in 1884 (note the words "flat conductor"). The advantages of flat
flexible cables (which includes FCC) are so many that it is surprising that round
cable is still used. Probably the biggest single factor that has retarded its use
is the connector. TZe tedious time consuming factors of stripping and soldering
each conductor fairly well offset the savings potential, and wiring mistakes can
still occur. However, mass termination methods developed during the last five
years or so have pushed the FCC technology into the realm of consideration. Using
the mass-termination techniques the connector makes contact with all the conductors
of the FFC in one single operation. Two methods are presently available. The
crimping technique during which the flat conductor is pressed into a U-shaped
channel that cuts through the insulation and then is bent inward until its upper
edges dig back into the conductor. Refs. (46, 47, 48)

The other te,.hnique is used with both flat and round conductors. Contact
is established on the inner edV's of a fork that actually cuts into a round con-
ductur and deforms a flat conductor into a U shape.

Shielded flat conductor cable is not as easily mass terminated and, in
many cases, a flat-to-round termination is the only flight-qualified method allowed.
This is due primarily to the ease of inspection. The method is shown in Figure
4.6-17 (refer to Figure 4.6-12 for shield ground location).

FOAMED

FLAT WIRE FT WIRE
t,• SHIELD GROUND)FLTWR

TUBE

RESILIENT J
POTTING ;FORMED WONFIGURATION
MATTERIAL STAKED TOP & BOTTOM

ROUND WIRES

Figure 4.6-17 FCC-To-Round Wire Crimp Transition

lI general, mass termination techniques for the FFC such as the ribbon
type are rather well established. However, the FCC is less easy to work with and
is probably less familiar to the instrumentation engineer.
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The flat cable with flat conductors has some distinct advantages worth
noting.

1. Increased surface area is available for cooling; thus, a flat con-
ductor cable can carry more current for the came cross sectional
area.

2. More current for the same cross sectional area implies that the
required conductor can be reduced in size; less copper means a
weight sevings possibility.

3. Even though a flat-conductor cable is usually wider than the con-
ventional cable harness, the addition of more conductors requires
overal" current derating due to temperature rises. The derating
though is less for the FCC than for a conventional harness.

4. FCC lends itself to a wide variety of geometry combinations thus
facilitating their use as signal lines. For example:

a. Interfering signals can be separated by using conductors near
each edge.

b. Cross talk can be minimized by applying guard vires inter-
spersed with signal wires.

c. Application of jacketing material can help reduced cross-talk
between FCC assemblies.

d. Conductor-less spacers can be used during FCC design to inolate

sensitive circuits.

4.6.7.1.5.1 Design Applications - FCC

A high percentage of existing shielded cable in round wire cable
(MWC) systems can be replaced by non-shielded FCC by controlling the conductor
grouping and harness locations. This is a major advantage of the FCC system, par-
ticularly if the instrumentation system is self-contained and isolated. This
advantage diminishes as the aircraft systems and instrumentation systems requiremutual isolation.
4.6.7.1.5.2 Weinht Comparisons

In general, the FCC conductor-contact connector system, developed by
NASA/Manned Space Flight Center, provides appreciable weight savings over the current
RWC connectors. The primary savings, however, is the cable itself.

Figure 4.6-18 shows a comparison of shielded and non-shielded FCC as com-
pared to a AW, 26 RWC. The savings in weight is worth noting. Notice that two
breakpoints exist, one at AW 24 and the other at AWG 26. The rapid change in
slope suggests that the weight savings tend to occur by usinv the smaller AWO wire
sizes.

40 ~

'• ,, I I:

EOUIgLENT CONDUCTMR Ct-IGEIAWG)

Fig. 4.6-18 Weight Saving Chart, FCC vs. RWC

4.6.7.1.5.3 Space Savings

Space savings is inherent in the geometric cross-section (Figure
4.6-19). Thus, the space savings is minimum for a single bundle but increases
rapidly with the number of ICC routed through the same hangers. (See Figure 4.6-20).
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EQUIVALENT CONDUCTOR GAUGE (AWG)

Figure 4.6-19 Space Saving, FCC vs. RWC.

Figure 4.6-20 Space Savings Separation Comparison of RWC and FCC. •

4.6.7.1.5.4 Cost Savings

Realistic cost savings can only be derived by including cost of
materials (cable, connectors, supports, etc.). design, development, and harness

fabrication and installation. Theme factors are compared in Table 4.6-5.

1. FCC must be applied early in the program.

2. The major cost saving for the FCC is the harness fabrication
cost.

3. Connector costs are about the same if the pin-socket type FCC
connector is used.

4. The cost savings for FCC increases as the wire size (cross-
section) decreases.

S. The cost of clamps and supports for the FCC system is generally
less.
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Table 4.G-5 Cost Co~arison - FCC vs. RIC Systems

Sub-Item FCC Cost Saving (%)a
Item Percentage-

Of tiajo- Item Sub-item Major item

Engineerinq -5
system 25 -10
Harness Layout 25 -10
Production Drawings 25 0
Schematics, etc. 25 0

Development 20

Materials 28
Cable 40 0
Connectors 40 35
Clamps 5 so
Supports 1575rHarness Fabrication 80

Harness Installation 40

a. To realize the cost savings indicated, FCC must be applied early in the
program to eliminate redesign, redevelopmlent, and requalification.

Bse*d on non-program-
mtatic: decisions, the cost _______ _______

savings for FCC are onlyE
realised for the smaller
cross-section conductors.
Programmatic inputs, how-'
ever, may indicate that
space and weight are more ___

important. In this case
a savinqs can be well do-
fined as shown in Figure____ ____________

4.6-21.

EQUIVALENiT CONDUCTOR GAUGE (AWG)

Figure 4.6-21 Cable Cost Savings-
FCC Vs. C

4.6.7.1.5.S Fla.; Conductor Re-RoutAfin

wiring transitions can be eFC
effected in two basic ways. First, a
flat conductor can be changed to a
round conductor and then back to the
flat conductor (Figure 4.6-17). M MORWLE
Second, the conductors can be re-
routed within the FCC (Figure 4.6-ARSON -1E v
22). These changes should be made
at a point in the harness where ads-I quats anchoring of the joint is pos-
sible. A third Method, rerouting
within the connector, is possible
if it has not been potted. ot NDKrf

Figure 4.-2L-ouig Conduc~tors
within an FCC.

4.6.7.1.5.6 Reliability and Ins9ection

The lamination materials used in FCC construct'tion have a tensile
strength almost five times that of those used with conventional round wires. be-
cause the flat conductors are laminated this strength is directly addto the con-
ductor, providing an overall cable strength many times that of the conventional
round wire conductor (RVm) harness.
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The inspection of non-shielded M, is greatly facilitated by using trans-
lucent laminates. This permits visual inspection of the conductors and insulstion
layers. Many cable faults covered by the opaque insulation of RWC systems a&.e
readily apparent in xhis type of FCC system. Inspection of shielded FCC, hýwever,

cannot be accomplished by this visual method.

Two methods are suggested for checking conductors vhtn shielded FCC
systems are used.

The first method suggested is a sampling "X-ray check" incorporating a
table top radiographic device and a Polaroid camera.

The second method uses a time-domain reflectometer. The time-domain
reflectometer is a system utilizing pulse reflections to locate discontinuities
along cables. A pulse-by-pulse burst in sent continuously down the cable ander
investigation and the reflected signals are monitored on an oscilloscope. This
method snables the user to view the characteristic impedance of the cable. It will
also provide the location and nature of any discontinuity.

Both methods have distinct advantages. Nethod one will locate laminate
problems such as air bubbles and foreign material, whereas method two checks only
the conductor integrity.

4.6.7.1.5.7 Usefulness In Flight Test Anwlications

Briefly, unless the instrumentation installation is sufficiently
large, the use of FCC is not an effective technique, particularly on a one-of-a-kind
basis. The use of FCC as a packaging technique should be considered for such
installations as instrumented wing pods or similar small, self-contained subsystems.

The use of FCC o cables with aluminum conductors offer additional
advantages in weight, cost,•i"-ad ava-'!ability. However, efficient seals must be
developed to prevent corrosion problems associated with the use of aluminum.
(See Seý:tion 4.6.4.3.5).

4.7 selection of Nodular
"•erminal Junctions

When terminal juvctions
were first developed, they oera
used to replace terminal strips,
feedthrough blocks, grounding
studs and strips. Bach manu-
facturer designed their own
modules and wiring contacts. .NVIo ENTAL
It was soon recognised, how- SEAMS$LICONE)
ever, that the majority of Junc-
tions operated in the sam en-
vironment as connectors. Ac- HOUSING
cordingly, applicable connector
standards were used to further de-
velop the terminal junction capa- 0
bilities.

One of the advantages of
using connector standards is that
terminal junction wiring trmin- SnLtCOWE)
ation can be assembled using
crim contact tooling, thus I
eliminating unique tooling and MODULE BSE
support services. With the issu- MONU( CROSS RECTION
ance of NIL-C-39029, proven crimp PIN AND RETENTION SOYT)
contact design and the AM standard WINES UNUSED •OI
dimensions were designated, thus ARE PLUGGED
standardizing the terminal junction.

The development of the
terminal junction has provided the
instrumentation engineer with a
unique termination. Other cm-
ponents such as switches, relays,
circuit breakers, etc., can be de- PIN Sio•ULAP INAA. BORD
signed to accept the same type of 4-PIN/2-PIN BUS CONFIGURATION
contact system using the same con-
nector tooling.

The performance require- Figure 4.7-1 Typical Nodular Terminal
ment$ of connectors and terminal Junction.
Junctions should be compareble, since
they are usd in the @sam onvironments. Therefore, the selection criteria for multi-
pin electrical connectors con also be used to guide the selection of terminal Junc-
tions. Ref. (49).
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Since junctions are terminations, evaluation and test methods coomon to
other termination devices should be used to describe and evaluate these items. most
of the standard ratings for environmental connector contact systems apply equally
well to junction contacts. Typical requirements can be found in NIL-T-S1714,
"General Specifications for Terminal Junction Syste ." Ref. (50). The selection
considerations will be divided into three categories: Electrical, Mechanical and
Environmental.

4.7.1 Electrical Considerations

I. Provide Guaranteed Electrical Engagement

To assure adequate contact engagement, conuactor standards normally define
a "minimum electrical engagement" (or electrical overtravel). These dimensions con-
trol contact tip location, shape, and *point of first engagement" of the socket
pressure member.

This "minimum electrical engagement" is the distance beyond the
"point of first engagement" that the full diameter of the pin extends. First an-
gagement occurs when the full diameter of the pin in deflecting the contact pressure
member. A minimum guaranteed electrical engagement should be specified that is
equal to the roquiremntU set forth in NIL-C-39029 or its equivalent.

Typical installation problems include improper seating of the pins
into the block. Although the circuit will "ring through' showing continuity, a
slight pull on the wire will remove it from the terminal block. Once the users are
familiar with this problem, the proper insertion technique is developed and the
problem is eliminated.

2. Provide Stable Contact Resistance

Because tne contact system used in junction modules may be different
from previous "sockets," the methods used to toot its performance should be care-
fully examined. One example is the need to test for stable contact resistance.

The size and shape of terminal junctions, and the ways in which they
are likely to be mounted, make. the wire exiting from then susceptible to side pull.
To be sure proper contact performance is unaffected, the following points should beconsidered:

(a) The forces applied to the wires should be kept below the mini-
mum crimp tensile value for the appropriate contact size.

(b) Over-exercise of the wire should be avoided if the test is to
be performed before environmental testing.

(c) Dynamic testinq of the contact system should be performed
regularly to an established criterion.

3. Provide Continuous Dielectric -•paratior.

Air paths should be prohibited loetween contacts which are supposed
to be insulated from osie another. This is a design requirement which could be
overlooked in junctions because of this various bussini arrangements used. However,
it is an essential requirement. Lack of continuous dielectric separation can lead
to corona damage at high ailtitude, and to moisture entrapment at sea level appli-
"-.ations.

4.7.2 Mechanical Considerations

1. Specify the Shortest Practical Contact to Eliminate Dent and Broken
Contacts.

Junction contacts should be of the shortest length compatible with
good electrical integrity; this makes them lose susceptible to bending. They are
also lighter, have greater conductivity, and are simpler to inspect.

Requirements should specify the shortest acceptable length. Now
devices with longer contacts would not present a hazard because ther could not be
inserted and locked in place in the devices designed for the short pins. However,
if requirements call for a longer contact, the shorter contacts will become a
hazard, since they nay be capable of being inserted and locked in place without
providing electrical integrity.
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2. Require a Damage-Resistant Internal Contact.

In years past, some connector users found themselves with problems
crused by socket contacts that were readily damaged by the insertion of oversized
probes, or by bending moments applied to probes mated with the contacts. Two
requirements assure ucers of abuse-resistant contacts.

(a) Closed-entry socket design.

(b) Probe-damage resistance, as verified by a test method.

3. Require a Contact System with No Plastic in Compression with the
Electrical Joint.

When contact systems are insulated, the insulation should not be
used as a functional part if the electrical joint. If contact pressure systems are
dependent upon the mechanical strength of plastic parts, they become subject to:

(a) Catastrophic failure if the plastic distorts because of mech-
anical or electrical overloads.

(b) Tolerance problem encountered in the molding of the plastic

part which in turn result in a variable contact pressure.

4. Require Redundant Contact Retention Devices

Contact retaining devices should have more than one active member
(or "tang"). Experience has shown tiat two or more tangs can be provided, and the
additional reliability inherent in this approach should be a mandatory design
requirement.

Single tang syst.ms can induce secondary problems resulting from the
non-symetrical load they impose on the contact. For example, such loading makes
it difficult to gtt a contact romova. tool over the contact because the barrel is
pushed to one side.

5. Require V ibration Dampening

Junction modules must provide vibrationi dampening throuqh correct
design if wire sealing grommets. This is iieeded to minimize wire fatigue, as well
as to protect the contact system.

When vibration tests are performed on junction modules, the wires
%_Citinq from the modules should be clamped to vibrating points on the fixture at
specified distances from the modules, rather than attached to non-vibrating points
rLlatively far from the test specimen. The clamping of wire bundleb on the fix-
ture itself, at standard distances, more accurately siaulates a correct install-
ation and provides mo. msnin-ful data.

6. Re;ýire Wir'e Support

Proper grommet design, along with wire supports for larger wire
sizes, materially reduces stress on the largE.r crimped terminations and controls
the wire beming. Junctions will be subject to many different modes o: instal-
lation, auid will be tandled by many people who have had little or no training.
Thut. additi~nal support of the less flexible wire sizes is a desirable safety
element,

7. Rea•irc Clear LiJ Pei.anent Identification

A primary function of junction modules is the interconnection of
wires installed into equiw.ent. In any such installation, even an untrained oper-
ator should be able to recognize the desired termination point. He will find such
recognition iuch easier if all identification markings are standardized.

w

Standardization of identification should consider the following cri-
teria: marking on grommets, housings, and frames must be clear and remain legible
after extended hendlinm, abrasion, and envirnnmental exposure. Markings must resist
all comon solvents, oils, an4 fuels. The system should be such that the loss of
continuity of the markings cannot result in an altered identification with new
meaning. irommets must. be clearly marked to show what electrical circuit arrang-
ment they contain. (Here, permanence of identification is essential.) Markings
should be provided on frame& (rails and tracks) which will serve to identify rows
of contacts in the installed modules.

8. Specify Minimum Weight and Space

The need for space and weight savings is self-evident; in overall
system terms, junctions can offer large cost savings by reducing size and weight
alone. In evaluating the size of a junction, the overall space occupied by a
wired assembly (including access for contact installation and service loops in
wires) should be investigated.
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9. Must be Capable of Different Mounting Positions: Wires Perpendicular
or Parallel to Mounting Surface

A major limitation of most conventional terminations is that their
attachments protrude perpendicular to the mounting surface. This mounting surface
is ,usually also the mounting surface for the wire harness, which requires the wicing
to be brought out to clear the attachments. This clearance requirement results in
loss of available space, and at tJiea can present a safety hazard.

Frames (rails and tracks) must provide for mounting junctions in
either of two positions:

(a) With wires exiting from modules in a direction perpendicular
to the mounting surface (modules upright).

(b) With wires exiting parallel to the mounting surface (modules
lying on their sides).

This flexibility in mounting makes possible space saving, optimum
access for contact installation or replacement, and shorter (and therefore lighter)
wire bundles which exit from the module in the appropriate direction.

10. Require Flexibility in Busing Arrangements

Junctions must be so designed that adequate busing configurations
are provided. Busing of contacts in rows of four or more rather than in pairs is
desirable, since it allows direct replacement of terminal strips or binding posts
where the standard practice of attaching three lugs and providing one test point
has be ,n followed. One eight-contact modulq bused in two vertical rows of four
contacts each can replace two such binding apsts, while permitting wires to exit
normally on each side of the junction.

11. Require Tamper-Proof Confinement of Modules Within a Frame Mounting
I

One of the primary adviantages of terminal modules over terminal
strips and similar devices is that they allow the user to mix modules of varying
arrangements and contact sizes. The frames and modules should be so specified
that the user can assemble combinations of modules in his manufacturing facility.

12. Inspectable for Correct Busing after Completion of Final Assembly

On unsealed terminal strips, a user can visually inspect for cor-
rectly bused terminals. A junction module may be i sealed assembly containing a
specific busing arrangement which is indicated by exterior marking. One of the
worst problems that could be encountered would be for the actual busin9 arrange-
ment to differ from the one indicated on the exterior surface. For this reason,
users must be able to inspect completed modules for correct busing. A 100 per-
cent electrical verification of the busing arrangement indicated should be a man-
datory inspection criterion.

13. laspectable for Seal Integrity

Experience in the fabrication of connactors has shown that the
junction module grommets must be inspected for seal integrity. The manufacturer
should also test finished junctions 100 percent for proper assembly and seal integ-
rity. This may be accomplished by applying air pressure through probes inserted
in the wire sealing grommets after final assembly.

4.7.3 Environmental Considerations

1. Require a Contact Rating Which Results in Cooler Operation than the
Attached Wire

A basic design criterion for wiring systems has been to require
the contact to operate at a lower temperature than the connected wire. Junction
contacts should be free of "hot spots." Materials, plating, and configurations
should be such that internal heating due to electrical resistance is less than
the attached wire. When junctions contain bused contacts, they should be rated
for a specific current load. Each busing arrangement contained within the module
should not exceed its maximum rated ambient temperature.

2. Require Corrosion-Resistant Materials

Junction modules must be capable of meeting standard corrosion
resistance requirements, such as 48-hour salt spray exposure. To assure general
comatibility with the surfaces on which they are mounted, standard connector
finishes should be used for the mounting frames.



3. Require Fuel and Solvent Resistance

Junction modules are recommended to replace non-environmental resis-
tant devices which cannot be inatalled, without supplementary protection, in areas
cont&"-nated with fuels, oils, hydraulic fluids, cleaning solutions, etc.

4. Require Fully Deiined TeWperature Ratings

Any discussion of the temperature ratings of a )unction suit include
definition of three basic points:

(a) What electrical loads can they handle at specified maximum
ambient temperature?

(b) Is operation at this temperature to be continuous and, if so,
what is the estimated life?

(c) Will the device remain environmentally sealed after maximum
temperature exposure and continue to met all performance ratings?

A function should k2 rated to carry its maximum electrical load
while exposed to to maximm ambient temperature. The temperature ratings speci-
fied must be based on the requirement that the device mett all performance criteria
after exposure. It is unacceptable to have an environmental part which has lost
its seal integrity; such a part may collect moisture.
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One of the most important requirements of an instrumentation system
installation is to insure optimum performance. The system must b* installed in
much a manner that it will not be subjected to damaging conditions of any kind.
From among the many details that must be considered in the installation, several
subjects common to all installations have been selected for discussion. These are:
(1) the installation of wiring; (2) connector mating; (3) determination of wire
bundle sisze (4) equipment location; (5) installation procedures that minimise DII;
and (6) somýe typical transducer installation problems.

5.1 Wiring harness Routino and Instal'ltion

Instrumentation wiring say be installed and routed one wire at a time or
several at a time. In whatever combination wires are installed and routed, the
finished roduct is a wire bundle or harness. The following section will review
the practical considerations to be made during the installation and routing of
instrusentation wiring and harness build-up. Ref. (51).

5.1.1 Harness Protection

The first step to be taken in the installation of instrumentation wiring
is to verify that the routing areas are ready fcr the buildup of a wiring harness.Wheore the wire harness passes near sharp or abrasive surfaces and may come in

contact with theme surfaces due to movement during handling or flight, the harness
must be suitably protected to avoid any damage. Protection must be provided where
these conditions exist. Particular attention should be given to bulkhead holes andcutouts, protruding rivets or fasteners, and moving parts.

5.1.1.1 Chafina

Wire harnesses must be protected &roe damage that may result from rubhing
against a surface, an edge, or any other object. Locations of possible abrasion
damage (chafing) to the harnesses are:

a. Where a harness passes around a corner, a shelf, bracket, equipment,
or structure.

b. Where a harness passes through a hole and a clamp or grommet alone
is not adequate.

c. Where a harness is exposed to excessive contact by personnel or
equipment.

d. Where a harness passes near sharp edges of bolts, nuts, or rivets.

5.1.1.2 Novina Parts

Harnesses that are attached to assemblies where relative movement occurs
must be installed and protected in such a way as to prevent damage caused by the
movemmnt. This includes abrasion caused by one harness rubbing against another or
by twisting and bending. Wire harnesses should be routed and/or protective devices
installed to provide for permanent wire protection from abrasion and/or other damage.
Harnesses should be installed to twist instead of bend across hinges.

5.1.1.3 Protective rteamers and Clanping

Harness protection can be provided by covering sharp protrusions or sharp
edges with cushioned material. Where harnesses are routed over or through struc-
tural members, caterpillar or split-type gromets can be used as shown in Figure
5.1-1. If the harnesses must be supported to prevent the possibility of chafing,
such as may be the case where the hole is much larger than the harness, then cable
clamps of the type shown in Figure 5.1-2 must be used. (See Section 5.1.2.4.4.)

If suitable supporting structure is not available for attaching the
clamp, the clamp may be attached to lines carrying inert fluids such as nitrogen 3r
water. if an inert line is used for clamp supportEE the clamp supporting the
wire harness should be attached as close as possible to the clamps supporting the
inert line.

II
LA
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CATERPILLAR
GROMMETS

,.,-SPITCABLE
GROMMET

Figure 5.1-1 Protective Gromets

5.1.2 Harness Routina

All electrical wire harnesses should be routed to avoid abrasion, cutting,
or piercing of the outer insulation by contact with rough surfaces, sharp edges, or
shock-mounted equipment. Harness assemblies clamped to the structure should be
routed as directly as possible and protected near entrance areas where the harness
is susceptible to use as handholds, steps, or other misuse. Wire harnesses may come
in contact with other harnesses provided they are suitably attached and routed to:

a. Provide accessibility for inspection and maintenance.

b. Prevent harness deterioration from high temperature or low tempera-
ture extremes.

c. Minimize possiblity of damage.

d. Minimize the need for protective materials.

5.1.2.1 Routing Near Flammable Fluid Lines

An adequate separation must be maintained between harnesses and lines
carrying flamable fluids. Where barriers exist that preclude contact between
harnesses and fluid lines, the requirements for separation and mounting do not
apply. Clamping and securing of harnesses to a pressure or flaoable fluid line
should not be permitted, although in exceptional cases harnesses in engine areas
may be clamped to a flamable fluid line for separation.

5.1.2.2 Routing near Non-Flamable Fluid Lines

Where necessary due to structural characteristics, harness assemblies may
be clamped to a non-flamable fluid line for separation. Installations must be
separated from non-flamable fluid lines by an adequate distance, which is usually
specified in the installation documentation.

5.1.2.3 Slack

Slack in harnesses between clamp installations must be provided to avoid
strain on wires/cables in the harness. Slack should be minimized in order to
achieve a neat and orderly appearance of the installations, but sufficent slack
must be provided for the following purposes;

a. To permit ease of maintenance, including connector coupling and un-
coupling.

b. To prevent mechanical strain on wires or cables, junctions, and

harness supports.

c. To permit movement of shock-and-vibration isolated equipment.

Slack should not be so great that the harness under its own weight, or
under acceleration or vibration loads, contacts sharp or rough objects that might
damage the harness. Movement of the harness by hand should not cause the harness
to touch any adjacent surface. Movement by hand is defined as applying sufficient
forces to move the harness without visibly distorting or moving the mounting clamps
or causing the harness to slide within the clamps. Adequate distance must be
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maintained between the harness and any adjoining structure. If the slack permits
the harness to come in contact with a sharp or rough object which could cause
damage, one or more of the following should be done:

a. Reduce the slack in the harness.

b. Increase the distance between the object and the harness.

c. Provide additional support for the harness.

d. Add enough protection to the harness and to the sharp or rough
object to adequately protect the harness from damage.

5.1.2.4 Harnesses and REuipment Accessibility

Where possible, all wire harness installations should be quickly remov-

Abls reqardless of function, location, or form of electrical connection. All
harnesses should be installed so that installation or removal of equipment is
permitted. Wire harnesses should never be pulled to facilitate installation, nor
to obtain additional slack.

5.1.3 Support Cl ig
The primary purpose of clamping is to secure and support the wire har-

necs. Clamps are also utilized to reduce or eliminate vibration, to maintain
clearance, and to relieve strain on wire/cable terminating devices, shock/vibration
mounts, and other eqripment.

5.1.3.1 Clamping Requirements

The standards, specifications, and engineering drawings that apply to
installation of wire harnesses should include the clampin• requirements for proper
harness support. When installing wire harnesses that utilize clamping devices, the
following should be considered:

a. Prevent chafing and wire movement within the support clamp.

b. Provide clearance when harnesses are routed through or adjacent to
bulkheads or structural members.

c. Maintain proper grouping during routing (see Section 5.4.1)
d. Prevent mechanical strain that would break wiring, cab' 3, or con-

nections.

e. Prevent excessive movement under vibration.

f. Perait free movement of shock/vibration-mounted equipment.

g. Prevent interference between harnesses and other equipment.

5.1.3.2 Temporary Support Provisions

All wire harnesses should be adequately supported during installation to
prevent damage due to excessive bending, kinking, or strain. Such supports should
be of a type which will not cause cold flow of wire insulation. Temporary supports
for harness connectors must not cause distortion of the wire entry holes in the
rear face of the environmental sealing grommet or otherwise result in deterioration
of the connector environmental seal.

5.1.3.3 Clamping Devices

In the installation of harnesses, positive locking clamps must be used
for harness support. Clamping devices must be of suitable size and type to hold
the harness firmly without damage after fastening and without changing the cross-
sectional shape of the harness.

5.1.3.4 Clamp Installation

Wire should be supported by clamps as specified on the applicable instal-
lation drawing. To insure proper fit, it is recommended that provisions be made to
allow deviation of clamp sizes larger or smaller than specified on the instal'ationdrawing. Loop type clamps, as illustrated in Figure 5.1-2, should be used.
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Figure 5.1-2 Loop Type Clamp installations

The following guidelines are suggested for installing clamps:

a. The size of the clamp must permit the clamping device to close
without deforming.

b. washers or other spacer devices should not be installed between the
mounting tabs of the clamping device to obtain proper fit.

C. Deformed clamps should be rejected.

d. Clamps must be of sufficient size so that the harness is held firmly
in place without the need of wrapped sleeving or tape, or the use of
filler materials.

e. Clamp size should be adequate to hold the harness securely in posi-
tion without being pinched, deformed, or damaged.

f. Clamping devices must have sufficient grip to prevent sliding or
twisting of the wire harness inside the clamp after tightening to
the point of gap closure.

5.1.3.5 Clamp Support

Harness assemblies supported by clamps should be secured to the vehicle
structure. When harnesses are routed over or through structurtl members that have
gronmete or any other protrusi.ons and sharp edges, the harness should be supported
by clamping to prevent the possibility of chafing. Where necessary, due to struc-
tural characteristics, harness assemblies may be clamped to other harnesses or
nonflammable fluid lines for minimum separation.

5.1.4 Cable Shield Terminations

When shield terminations are being made, extreme care must be exercised
in selecting the proper method, materials, and tools to assure a reliable connec-
tion. All shields that are terminated usinq ferrule rings must be covered with a
snug, flexible, insulating sleeve. For the purpose of this discussion the term
ferrule is defined as a ring used to terminate shielding. The ferrule may be of
solder or crimp type and is so constructed as to permit attachment of the cable shield(s)
and shield return wire if required between the ferrule sleeves.

5.1.4.1 Initial Preparation

Prior to the application of the cable shield terminations, verify thatI
the shield braiding is not cut, nicked, or scratched during removal of the cable
jacket insulation. Inspect all termination hardware (i.e., ferrules, insulated
solder sleeves, etc.) to assure that the hardware is of the correct type and size
and is free of tarnish, corrosion, or obvious damage. Verify that the ferrule place-
ment will be properly staggered to avoilI excessive harness diameter buildup and will
not exceed thie maximum allowable distance from the connector backshell.

5.1.4.2 Shield Terminating Types and Installation

Shield term.-nation of cables can be classified as either grounded or
ungrounded, and their installation must be in accordance with the applicable draw-
ings, wire list, or specifications; but the following criteria can be used as a
basis for acceptable practices:

a. Shield terminations should be staggzered in order to limit buildup of
harness diameter.
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b. Shield terminations must not be positioned in a harness so that they
occur under cable clamps or within the potted areas of electrical
connectors.

c. Shield terminations for coaxial cables must be in accordance with
the connector manufacturer's instructions, when not specified on
installation drawings.

5.1.4.3 Insulation Stripping

When terminating a cable shield, the cable insulation must be cai Ailly
stripped from the cable. The amount of insulation removed is dependent upon the
shield termination location and length of shield braid required for the ferrule
assembly. The removal of jacket insulation must not nick, cut, or damage the
shield braid in any way. There must be no evidence of cracked, split, punctured,
or damaged insulation on either the conductor(s) or jacket insulation.

5.1.4.4 Location

Cable shield terminations should be located as suggested below and as
indicated in Figure 5.1-3.

a. On connectors with strain relief clamps, the measurement should be
made from the back of the strain relief clamp.

b. On connectors without strain relief clamps, measurement should be
made from the extreme back portion of the assembled connector.

c. On potted connectors, the measurement should be made from the ex-
treme back portion of the connector and/or potted area.

CONNECTOR SHRUNK SOLDER--INSULATED CONDUCTOR SLEEVE

BRAIDED SHIELD - BRAIDED SHIELDFOLDED BACK
SHRINKABLE OUTER

' LJ OUTER INSUL ,ATION

SHIELD RETURN

(1.5 INCH)
MINIMUM

10.Ocm (4.0 INCH)MANIMUM

C O N N E C T O RS H I E L D R E T U R N W IR E

(I.5gNCN) • -
MINIMUM 

LTCO.UOm(4.R INCH) MAXIMUMI.

Figure 5.1-3 Solder Sleeve and Related Shield Coverage
..............
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5.1.4.5 Shield Return Wires

Where electrical circuit design requires continuity of the cable shield
through a connector or to ground, a shield return wire is used. Shield return
wires are fabricated from insulated, flexible, stranded type wire with the same
temperature rating as the shielded cable. When the insulated wire is to be con-
nected to an electrical connector contact, the wire gage is determined by the
contact to which it is being connected; otherwise a minimum wire gage of A1G 22
will be used. shielded return wires formed by braiding or extending the shielding
braid of cable in the form of pigtails should not be used.

The minimum length of shield return wires should be 5 centi.meters (2 inches).
The maximum length depends upon the staggered locations of the ferrules, but an attempt
should be made to keep the length of the shield return wire as short an possible
without causing undue tension.

5.1.4.6. T~ypical Wire shield Termination

All shielded wires, whether grounded or floati.ng, should be terminated with
the application of crimped ferr ales or solder sleeve ferrules. There is a wide
variety of shield termination designs available. However, two basic types have
been selected for illustrative purposes. The first type is Rhowxi in Figure 5.1-4.
It is a crimp type and is used at the shield end. The secoyd type .. shown in
Figure 5.1-5. This is a solder sleeve and can be used eitbcr at the shield end or
at an insulation "window" located between the wire ends. (Ref. (52).

Crimp type end terminations are made of metal and require a crimping
tool. For the type of terminatien that does not have a~a insulated jacket 3r sleeve
as an integral part of its design, two choices of insulation are available; either
"shrink tubing" or the insulation cap made by the manufacturer of the termination.
At first thought the use of "shrink tubing" sounds like a reasonable choice, bu~t
remember, heat is required to cause the tubing to shrink, and in most aircraft
hangars, motorized heat guns are not allowed because of motor sparking. However,
the manufacturer's insulation cap, which slides on and locks, can be readily in-
stalled with the proper crimping tool.

one disadvantage of the metal crimp type is its sharp thin edges which
if not. properly handled can nick the wire and cut off strands of the braided shield.
However, if the manufacturer's instructions are carefully followed this type of
termination is very satisfactory.

The solder sleeve termination can be used either at a window or at the
cable end. Window stripping as shown in Figure 5.1-5 allows continuity of the
shielding for maximum EMI1 protection. Another advantage of the window type of
termination is that the shield remains intact without cut ends under the heat
shinkable sleeve. The sleeving material, however, tends~ to cold flow, and under
flexing conditions the sharp ends of broken or accidentally cut shielded braid c;.n
"work" their way through the sleeving. For the same reason, the solder sleeve
must be carefully installed when it is used as an end termination.

The cold flow problem associated with the shield ends can be alleviated
by folding the shield back over the insulation jacket. The cable braid must be
smooth, flat, and carefully trimmed. Using this procedure locates the smooth braid
fold at the area where wire flexing occurs.

As pointed out earlier, the solder sleeve is applied with a heat gun.
Thus, all shield terminations must be made during harness buildup in areas other
than the hangar if motcrized heat guns are used.

MRAIDCODCR
INSPECTION 7ISILTO
HOLE

BRAID

CONDUCTOR

(a)I

Figure 5.1-4 Crimp Type End Termination



M ITI CONDUCTOR 
BIRAID

SS U P IPO R T: 
IN S U L A T IO N

S L.EEV E[ 
JACKET

SEE FLARE BRAID SO ThU IT WL PASS

OVER AND AROUND SUPPORT SLEVE
OF V'ERRULE.

IF BRAID IS INSERTED PROPERLY IT
CAN BE SEEN THROUGH INSPECTION HOLES

(b)

SLIDE INSULATION UNDER SKIRT

F'ROINT OF

FERRULE

GROUND WIREE

INSPECTIA*' HOLE

(C)
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HEAT SHOWlNAK.E SLJEEVE - CONDUCTOR

I FL.UXE[D SOL-DER MMOM SAIOED SHIELD

ASSEMBLY JUST PRIOR TO SOLDER FLOW

CONDUCTOR
(SHRUNK TO REQUIRED LFRTUN)•
HEAT SHRINKABLE SLEEVE

SHIELDED CABLE-- BRAIDED SHIELD

SOLDER HAS FLOWED

Figure 5.1-5 Concluded

5.1.4.7 Wire Shield Terminations and Connectors

Whenever a wire harness contains many individual shielded wires, in which
each shield acts as a Faraday cage, continuity through the mating connector inter-
face is optimized by using an individual connector contact for each shield. This
implies that as many contacts are needed in the connector as there are shields. To
reduce the number of extra contacts necessary for shield continuity, a technique
of looping is sometimes used. In this technique, the single dedicated contact per
shield is disregarded. Instead, one contact may carry up to four or five indivi-
dual wire shields as shown in Figure 5.1-6.

SHIELDELD RTU WE

JACKETED PRIMARY INSULATION

ACONDUCTORSINSULATED JUMPER WIRE, I0cm

S INCH MAXIMUM LENGTH)

SHIELDED
JACKETED PRIMARY INSULATION
CABLE

L CONDUCTOR

:,,INSULATED JUMPER WIRE, l0om

11.._.4 INCH MAXIMUM LENGTH)

INSULATION SLEEVE -

SHIELDED fi -" "
1111(fl PRIMARY INSULATION

CABLE

• SHIELD R•ETUJRN WIRE CNUCO

SHIELD RETURN WIRE
(ALTERNATE METHOD)

Figure 5.1-6 Terminating Two or More Shields to a Common Conductor
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The looping netbod compro-
mime. the Faraday shielding by using 0
short lengths of unshielded wiring CAIkt WINE
a s Jumpers. Cables carrying sig-
nalm above one = should not WIaoc SHEoLD m6ThIL
use this method, but rather
should usj a coaxial cable A
contact or connector.

An improved method of o
shield termination is shown in
Figure 5.1-7. This method elini- SHIELD mi
nates the Jumper wire used to loop wlmt
St in idualshields
thus tending to preserve shielding
integrity. BRAIDE CoVC SHILDS PErASU OLEIO

in Referring again to Figure 5.1-7,
in part A, the braided wire pigtail

F. the inner ferrule, flattened and
evenly distributed about its peri- W.ELD AK(tN
phery, as shown in B. In the next
step, C, the stripped and fanned
end of the shield return wire is
placed under the outer ferrule in FM SLEEVE
contact with the braided shields, C
and the outer ferrule slides into
position over the inner ferrule.
The assembly is crimped, and a SHIEL OTu*N
shrinkable insulation sleeve
is placed over the ferrule and
shield return wire as shown
in D. S04W•KaiLr SLEVT

One of the advantages of this D
method is that it permits much shor-
ter unshielded conductor lengths with
a minimized buildup of the harness Figure 5.1-7 Shield Termination Using
diameter. an Outer Ferrule Ring

5.1.5 Connector Nating

Where similar connectors are used in adjacent locations, the wire har-
nesses should be routed and supported in such a way that improper connections
cannot be made. When this requirement cannot be accomplished by routing, special
connectors, identification, or procedures must be provided to ensure proper con-
nector mating.

The mismating of a connector is a humsan error, and an examination of its
occurrences always reveals additional human errors. For example, on one occasion,
the cables to the yaw-rate and pitch-rate gyros were interchanged in the control
system of a drone vehicle. The interchange occurred after the cables were dis-
connected to enable a battery to be replaced after the system was checkcd out and
before a mission was flown. The connectors were mismated and then not inspected.
It was erroneously assumed that the proper connections would be made after the
battery was replaced.

The problem of connector misnating can be minimized by advance planning
and design. There are several ways to prevenit connector aimating, but the most
comon is connector polarization.

5.1.5.1 Connector Polarization

Connector polarization consists of arranging the connector shell, the
insert configuration, or both, in such a way as to prevent connector ismating.
Polarization should be used throughout an instrumentation system. Ref. (53).

5.1.5.1.1 Insert Rotation

A rather common technique of polarization varies the orientation of con-
nector insert within its shell, as shown in Figure 5.1-6. Rotating the insert with
respect to the shell resulte in several different pin and socket configurations, of
which no two are ali&e. Figure 5.1-4 illustrates several configurations created by
rotating the inserts at different intervals. the choice of rntation interval is
specified by the manufacturer. Others besides those shown may be used, such as
20', 25°, 300, and so forth.
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Figure 5.1-8 Polarization Achieved by Insert Rotation

At first glance, the rotation of the inserts appearw to provide a
satisfactory eoldtion to the connector mismating problem. Yet, even rotated insert
connectors can be mismated if the insert in of soft material. oftentimes brute
force is used to make connector couplings, and under these circumstances, pins can
be forced into the soft connector insert material.

5.1.5.1.2 FalR n wt

One of the better
and more commonly used methods for6
the prevention of misconnection is
the use of keys and keyways to
align the two mating connector REF. -
shells. Of course, the con-
nectors must be correctly
assembled in order to take 3
advantage of the polarizing2
concept. A typical combination
of keyways Is shown in Figure 5.1-
9. Seven locations for the main
or polarizing keyway are shown.
The polarizing keyway is the wider
one. The other narrower keyways
usually remain fixed in the posi-
-ions shown. This method of po-
arization relies solely on keyway 150

configuration, since the orients-
tion of the insert remains the same.
However, insert keying can also be
ased in combination with insert ro-
tation, providing a wide variety of Figure 5.1-9 Shell Keying a Round
polarized configurations. Again,
".oweoer, the connectors can be

aismatched if the socket insert
material is soft.

5. .5.1.3 Shell Keying With Rectangular Connectors

The stud and slot arrangement identified by the arrows in Figure
1-10 exemplifies a simple but effective way to prevent connector mismating.
., polarization method can be implemented in dozens of ways, and, if necessary,

fabricated by the user.

00

S-Plug shell

RcaceGasket Gse
shell Gaskle lie G

Insert Insert

Figure 5.1-10 Shell Keying a Rectangular Connector.

-- - - -
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5.1.5.1.4 corner Polarisation

figure 5.1-11 shows another polarizing technique that can be used
with rectangular connectors. There are polarizing nuts in four corner*, and the
nuts can be polarized in different ways, providing dozens of different polarizing
c'otinations. correct assembly is required for proper mating of the polarized
*halls. notice in Frigure 5.1-l1 that the polarization post locations A and a pro-
vide the matched nut-pairs 1-4, 4-1, 2-5, 5-2, 3-6, and 6-3.

Polarizing post
Locatio A

1 2 3 4 5 6

Figure 5.1-11 Corner Polarization

5.1.5.1.5 other Ways to Prevent connector Nismating

insert retation and keyway mating techniques add to the cost of the
basic connector; as a result, other, less effective methods are often used.

1. Harness Restriction

During the wirin7 of a system, the cable to each connector can
be tailored in length to prevent it from being mated with any connector other than
the one intended. This method is effective if the connector couplings are far
enough apart to prevent the cable length from being chaiaged by brute force.

2. Variations in Connector Size and Shape

using various connector sizes is an excellent way to prevent
mismating. However, the use of different connector sizes is not always practical,
because attempts to mate different sized connectors oftentimes bend the pins. Less
important, the larger inventory of connectors means that the advantages of stand-
ardization are lost. Similarly, a mixture of rectangular and round connectors can
be used. Before this techn~ique is used, however, the resulting inventory buildup
should bu carefully considered.

3. Blocking Pins in the Socket Insert

This method sakes the best use of the standardization concept
and minimizes inventory buildup. Certain contact sockets are b 'locked, thus pre-
venting a pin contact from entering. only those plugs and receptacles with the
vroper pin-socket geometry will mate. Blocking pins can be used to advantaige on
identical pieces of equipment that are installed side by side.

5.1.6 Connector ipsnection

Immediately prio,. to mating, examine each connector to ensure that:

a. The insert faces are clean and free of chips, dirt, or any other
foreign materials that would damage the pins, or that would prevent
them from easily entering the socket.

b. There are no bent, damaged, or misaligned pins or sockets, nor anyI
splits, cuts, gouges, or other damage to the insert.

C. The pins or sockets are not abnormally recessed or extended.

d. There are no nicks or fractures in the connector shell or inserts.

e. The plating in free of flaking, porosity, or roughness.



120

f. Connectors with removable W00 rings, seals, or grommets are properly
installed in the connector halves prior to mating.

g. connectors are properly marked so that the O"P and 0j" numbers
match, and pin and socket configurations are compatible.

Caution shoild be exercised when mating connectors so that damage does
not occur to connector pins or sockets. Under no conditions should connectors and
their harnesses be subjected to undue manual force during the installation process.
The following precautionary procedures must be adhered to:

a. There must be adequate wire length for bundle flexing during con-
nector coupling and uncoupling.

b. Wire harnesses (excluding coaxial cables) must not be twisted more
than one-quarter turn between a connector and the first clamp when
aligning connector-keyways, and should an additional one-quarter
turn be required, this required twist must be made between the other
support clamps. coaxrial cables must never be twisted during mating
operations.

C. Wire bundles must not be pulled to obtain the required length needed
to complete the mating of connectors. Appropriate slack between the
connector and first clamp should be assured prior to connector
Rating.

5.1.7 Connector Protection

All connectors should have protective caps installed throughout all
stages of fabrication and installation, except when mated. The caps provide both
environmental and physical protection and are usually a standard requirement for
all plugs and rjceptacles. However, most metal protective covers are made of
aluminum, and experience has shown that the cross-threading or gouging of the
protective cap tends to produce metal particle contamination. This problem can be
avoided, however, by using plastic covers. Most plastic covers are made of poly-
ethylene and are somewhat flexible. Plastic covers of a slip-on design are used
extensively by the connector manufacturers as protective covers during shipment but
should not be considered as a substitute for the metal cap design. Plastic caps
similar to the metal caps are also made and are available for threaded or clamp
connectors. These types of caps can be considered a substitute for metal caps. A
common and highly satisfactory use of the plastic protective cap? is in the stowing
of unused wired electrical connectors. In most flight test environments, it is
standard practice to place a plastic cap on each connector And then wrap the con-
nector in protective tubing that is subsequently tied shut.

Whether the protective cap used is metal or plastic, it must, as a mini-
mum, fulfill the following requirements:

a. Protect the electrical contacts from damage.

b. Protect the connector threads or locking studs from damage.

C. Be highly resistant to abrasion and cracking.

d. Be brightly colored so as to be highly visible.

e. Fit the plug or receptacle tightly.

f. Be easy to install and remove.

5.2 Determination of Wire bundle Size

The installation of instru~mentation and its wiring usually requires
careful fit checks of the components, hardware, and cable bundles. The problems of
routing wire bundles through existing bulkhead access holes and other similar areas
of restricted space can be made easier if the size of the wire bundle designed on
paper can be estimated. The following formula and sample calculations illustrate a
useful method for estimating wire bundle size. Ref. (54). The estimation is:

D =1.13 (d 2N)y

where

D = diameter of bundle

d = diameter of cable or wire

N = total number of each wire of diameter ()used in the bundle
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Example (1)t A typical came is the calculation for a twisted-shielded pair.

The cable cross section is oval with a twist rather than round, and wIen Measured
for the value (d), two values are obtained: The maxmuim value in this example is
0.61 centimeter (0.24 inch), the minimm value is 0.41 centimeter (0.16 inch).

For the calculation the maximum value will be used:

Example 1: Let II - 40 total (twisted-shielded pairs)

4 a 0.61 centimeter (0.24 inch)

D - 1.13 [(0.61
2 ) X 4

a 1.13 x 3.86 centimeters

- 4.36 centimeters (1.72 inches)

The circumference equals D, where x equals 3.141 and D = 4.36 centimeters
(1.72 inches). Therefore, the calculated circumference is equal to 3.141 x 4.36 cen-
timeters, or 13.7 centimeters (5.4 inches). The measured circumference is equal to
13.2 centimeters (5.2 inches).

This formula is also valid for wires and cables of mixed sizes:

Example 2: Consider a wire hundle consisting of two different size wires:

(a) dI - 0.14 centimeter (0.u54 inch)

N1 a 25 wires

(b) d2 0.61 centimeter (0.24 inch)

N2 = 16 wires

Total the values d2 N:

(a) (0.14)2 x (25) w 0.49 cm2

22(b) (0.61) x (16) 5.95 cam2

Total - 6.44 cm
2

Then;

1
D total = 1.13 (6.44)7 Z 2.87 centimeters

calculated circumferences - n x D

= n x 2.87 centimeters

= 9.01 centimeters (3.55 inches)

Measured circumference = 8.9 centimeters (3.5 inches)

5.3 ,Cuitment Location

Many equipments are sensitive to shock and vibration forces, and it may
be impractical to rely solely upon an isolation system to reduce the forces to with-
in tolerable limits. This is especially true at locations within the aircraft that
experience high levels of shock and v.bration. Because of this, it might be an ad-
vantage in some cases to consider changing the location of the equipment to a part
of the aircraft that puts less of a requirement on the equipment. This procedure re-
quires that a complete shock and vibration analysis be made to determine the levels
that exist at suitable locations within the aircraft. Examples for an F-104 air-
craft will illustrate the procedure. Refs. (55, 56).

I
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Table 5.3-1 Correlation of Vibration Categories with F-104 Aircraft Locations.
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CC

COMBINE CURVE "C" WIT LOWER PORTION OF
CURVE "F"(BETWEEN SCPS lAN 32 CPS) FOR
EQUIPMENT IN POWER OPERATED ELEVATOR, RUOOER,
OR AILERONS.

("I•NSIDE ENGINIE

CG COMPARTMENT )

Figure 5.3-2 Vibration Category Locations in a High Performance Aircraft

5.4 Installation Procedures that Minimize SMI

Major efforts in the field of electromagnetic interference control and
reduction have usually been concentrated on components, equipments, and, in some
cases, entire subsystems. Rightfully so, for these are the areas where most of the
problem are found. However, in working out these equipment problems, very little
attention is given to the wiring and cabling which interconnects these equipments
or subsystems. Little or no information is available concerning such matters, and
when it is available, it usually reports on an ingenious scheme which in the end
turns out to be a custom installation.

One of the most useful interference control techniques is separation.
Unfortunately, this technique is difficult to achieve in an aerospace vehicle. The
possibility of maintaining minimum separation distance for all wiring and equipment
is seldom possible. For this reason, a comprehensive and systematic method is out-
lined below to guide the installation of wiring and cabling in closely confined areas.
The use of such a method can provide conformity of installation and ultimately
result in interference reduction.

5.4.1 Wire Classification and Harnessina

One of the most useful methods for achieving EMI control is based upon
the separation of wires and cables into similar classes of power handling and
susceptibility levels during their installation.

Ril-W-5088 and NIL-STD-461, Notice 4, classifies wiring into four to six
groups in order to maximize isolation between wiring/cablina classifications. The
method is only briefly outlined below, since each installation should be considered
individually. Refs. (4, 8, 57, 58, 59, 60).

5.4.1.1 CatWaK2 I Distribution Power Wiring

1. Three phase distribution wiring (115/200 volts ac).

2. Single phase distribution wiring (115 volts ac).

3. Other wiring carrying (115 volts ac).
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There ore two sources of coupled energy that can cause interference: The
magnetic field and the electrostatic field. Of the two, the magnetic field is the
most difficult to control, since shielding is basically ineffective. The practical
method of magnetic field isolation is physical sparation, where the current carry-
ing wires ara isolated from other power lines. Motors, relays, most power trans-
formers, actuators, and other power devices are insensitive to induced voltages and
transients. Therefore, it is possible to group all distribution power wiring into
one category. The primary, or feeder wiring is not grouped with the distribution
wiring to minimize damage in the canse of fault current.

5.4.1.2 Category 11 - Secondary Wiring

1. Low voltage power circuits.

2. Low voltage lighting circuits.

3. Synchro and servo circuits not in Category 111.

4. Equipment power supply wiring routed to other equipments within the
same system for dc voltages up to 5000 volts.

secondary power wiring is generally classified as wiring carrying power
at voltages loes than 115 volts, ac/dc. Secondary power wiring can be a problem in
confined areas such as cockpit,,, radio racks, conduit runs and other similar areas
of high density wiring. Since the magnetic field is directly related to the cur-
rent, and since secondary power wiring is often routed with sensitive wire bundles,
it is necessary to identify this wiring as a separate category.

5.4.1.3 Category III Control Wirig

1. All. instrumentation wiring that involves the operation of relays
(the solenoids), stepper switches, intermittent pulsing energy such
as cameras, etc.

2. Any basic aircraft wiring that carries pulsed energy caused by
system operating characteristics, such as flashing high intensity
lights.

The wiring in category III is identified as wiring that carries transient
magnetic or electrostatic fields. Category III is similar to Category 11 except
that it also includes transient energy. If transients do exist but do not affect
other systems or wiring associated with safety of flight, then Category III wiring
may be changed to Category II.

5.4.1.4 Category IV - Sensitive wiring

1. All microphone circuits.

2. All audio and video signal circuits.

3. All sensitive control circuits and gain controls.

4. signal wiring requiring shielding.

5. All meter and bridge type circuits.

6. All computer signal circuits.

7. All demodulator signal circuits.

There Are many varieties of wire* that make up this category. Most of
the wiring in this category is susceptible to electrostatic types of energry because
of the high impedance characteristics of these circuits. Low impdance circuits
are susceptible to magnetic fields. However, a low impedance circuit can also act

* as a carrier of electrostatic energy that can conduct spurious energy into a
*sensitive circuit such as a microphone input into an amplifier. Most of the above

wiring is required to be shielded.

5.4.1.5 Category V - Susceptible Wiring

1. All antenina coaxial cables.

2. All wiring to electro-explosive devices (see also Section 7.2)

3. All wiring pertaining to aircraft systemsi, particularly the flight
safety related system and indicators.
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Past experience has shown that certain wiring is particularly susceptible
to almost all levels of electrical energy. Such wiring shall be routed free of all
other categories of wiring and must not be grouped into a bundle unless associated
with its own unique system. For example, UEF radio antenna cables may be grouped,
provided thit individual shielding integrity is good. High power transmittet
antenna cables and radar pulse cables, however, should be routed separately.

5.4.1.6 Category VI - Syatem Wiring

This category is a compromise established for the convenience of instal-
lation. To minimize extensive analysis of uncertain wiring categories and to
reduce the resulting separation requirements, Category VI may contain certain
system wiring that otherwise would be placed in Categories II, III, and IV. Cate-
gories I and V must not be considered. Category V1 system wiring aly be created
only after careful analysis has shown that the wiring is free of interference. For
example, a'p automatic flight control system (AFCS) has Category V wiring as part of
its cabling. These bundles and other AFCS wiring in the immediate area can be
grouped and reidentified as Category VI system wiring. It ip suggested that each
system bundle be identified and routed separately. It is iAt recomernded that
Category VI subsystem bundles be mixed or grouped together with other system wir-
ing.

5.4.2 Separation Design Limits

Minimum coupling between wires of various categories can be controlled by
specifying the minimum distance between cables to be maintained throughout a cable
routing. Table 5.4-1 gives the ideal minimum separation data for physical
separation. Unfortunately, these distances cannot usually be maintained in most
aircraft because of limited space. Accordingly, compromises must be made.

Table 5.4-1 Ideal Minimum Separation Distances Between Categories
[In centimeters (inches))

CATEIGORY DESCRIPTION SEPARATION, cm (in.)

Primary Power 30.5 (12)
I

Distribution Wiring 15.3 (6)

I1 Secondazy Wiring 7.6 (3)

III Control Wiring 7.6 (3)

IV Sensitive Wiring 7.6 (3)

V Susceptible Wiring 7.6 (3)

V1 System Wiring 7.6 (3)

Classifying the categories as "transmitters" and "receivers" can help in
understanding why the categories are spaced as shown in Table 5.4-1. Further, the
comparison will assist in the process of making compromises later on. Categories
I, II, and III can be classed as transmitters and Categories IV and V as good
broad-band receivers. Category VT however, contains both transmitters and receiv-
ers that have been shown as not interfering with each other.-

5.4.3 Separation Compromises

Practical cunsideratiors for the installation of wiring bundles require
some careful modification of both the categories and spacing. There will be
areas in the aircraft where the installation of instrumentation wiring will be
bundled together or routed too close together. Three examples are noted in the
following paragrapha.

5.4.3.1 Lightening Hole Routing

Wire bundles must maintain their spacing until they immediately enter the
lightening hole and should break away as soon as possible after passing through.
Whenever possible, categories should be grouped and routed as follows: Group
Rouetegores IVI , Vend III togept ath ywhneer andproute rou esime, ltghtening Vhol ncategories I, II, end III together and route through the same lightening hole.
Route categories IV, V and VI separately whenever possible, although IV and V can
be grouped together and routed through the same hole if necessary.
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5.4.3.2 Coon Connector.

For purposes of routing, connectors are considered to be the same au
lightening holes; however, Category TV signal wiring should be separated into
input and output wire harnesses and routed through their ceparate connector. (See
Section 5.4.1.4).

5.4.3.3 Conduit Routing

The grouping of wiring categories and their~ routing through conduit is
similiar to the grouping use for clamping wire bundles. Their parallel routing
distances must be kept to a minimum so as to minimize the interference coupling.
Unrestricted use of metallic conduit should be discouraged, since the reflected
inner fields for categories IV, V, and VI could increase their mutual coupling,
particularly category VI, which is a compromise to some extent in the first place.

5.4.4 Special wiring

Special wiring includes all types of wiring configurations other than the
single-conductor-insulated wire. special wires are always used for the control of
interference and in the wire-category outline, special wires are used for isolation
purposes where the physical distances must be reduced for practical reasons.
Therefore, the special wiring would replace the single conductor wire under certain
installation conditons.

There are two basic types of special wire: twisted wires (two or more)
and shielded conductors (one or more). Twisted wires are used for control of
radiated or induced magnetic fields, and the shielded wire is used for the con-
tainment or exclusion of electrostatic fields. Combinations of both are used where
the circuitry may be susceptible to magnetic and electrostatic fields. Configur-
ations recommended for use include the following: twisted pairs, shielded twisted
pairs, shielded single conductor, and the various configurations of coaxial cable.

Special wiring is iised only when and where necessary if not called out in
the system design. Use of special wiring is an admission that the system is sus-
ceptible or radiates over some specified portion of the electromagnetic spectrum
(just as a gasket is an admission that a perfect mechanical joint cannot be
obtained). Requirements for extensive use of speci&l wiring may be reluced by
considering the ENT effects prior to the desi9n of the electrical/electronics
portion of the system. To avoid groupd circuit problems it must be emphasized
that all shielded wire mus~t be insulated with an external non-conductive jacket.

one of the penalt..es incurred by using shielded wiring is its additional
weight. This added weight can be minimized if all the Category IV signal wiring is
placed within a common shielded jacket; not only doep this save weight, but it also
minimizes the problems associated with tying individual shields together.

Instrumentation equipment racks are frequently so highly congested that
wire separation as shown in Table 5.4-1 is an impossibility. The problem can be
resolved by considering each wire as it leaves its connector as a separate case.
The wiring can then be grouped into categories at a distribution center or terminal
strip. Wire lengths can vary from one-half to three meters (1.5 to 10 feet).
Lengths in excess of three meters (10 feet) should be considered for classification
into categories. Since space isolation is not possible, the only recourse is to
specify the use of special wiring. Power wiring should be twisted with the ground
return for wires grouped under Categories I and II. Single and two conductor sig-
nal wiring should be shielded (Categories IV and V). In general, the requirements
for special wiring to achieve isolation does not exist after the wiring has entered
the proper categories.

In referring to Figure 5.4-1, it will be noticed that the categorized
wiring has been labeled in a definite order. When using parallel runs (where all
of the categories are in the same "plane"), it is desirable to locate the bundles
for minimum ..oupling. The suggested order would be: I, II, III, VI, IV, and V
where Category I is always the farthest distaaxce from any terminal board wiring
and/or Categories IV and V. Category dedicated modular junction terminals provide
optimum isolation.

5.4.5 Ground Wires

Ground wires must take the category of the mating "hot" wire. Twisting
of pairs of wires usually refers to the hot wire and the (ground) return. Twisted
pairs of wires may be used on circuits of either transmission (Categories I, II,
and III) or circuits of reception (Categories IV and V). The former reduces the
magnetic field coincident with current flow and the latter inhibits induced mag-
netic fields. Twisted wires may also je used to reduce the loop aperture where a
tight twist results in minimum loop area (see Section 3.4.1.1.2).

5.4.6 Ground Studs

All ground studs will take on the category of the attaching wire. This
immediately implies that only one category can be connected to a given ground stud.
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5.4.7 anaineerina control

The careful planning that is required to identify wiring categories can
'ie defeated unless proper engineering control is exercised. As shown in Figure 5.4-1,
each wire is carefully identified as to its category. This is done specifically
for illustrative purposes only. The identification of categories is properly done
as a part of the wiring list as shown in Table 6.4-1.

____________SIGNAL

CATEGORY IV 44 SHIELD TO SHIP'Se WIRING IF REQUIRED

SIGNAL V

EQUIPMENT )TE

:vMIC C.CIT IV- gS

Z WTIRISNHG IFS REQUIRED

EQUIPMENT --- CATEGORY /IF REQUIRED H
1 I1 I1 I IVI

JATO STRUCTURE)
qNOT A WIRE SNP IIGTERM. BOARD

110 CATGOR POWER GROUND SEPARATE STUD FOR
BLACK___1__X_____ ________FACH CATECORY

COUPLING IN rOERE POWER IN 115 VOLTS(TWISTED IF LENGTHN IS
CA- BE GROUNDLE APPRECIABLE)

EXTERNALPOWER IN - 28VAC (DCI

FOR SPECIAL WIRE
IS A FACTOR I E - SIGNAL GROUND

IV SIGNAL IN-OUT'

SIGNAL IN-OUT (SHIELDED)'

IFSIGL I CONTROL IN-OUT

GROUN I.*. (OOHRCASS CHASSIS GROUND. USUALLY CATEGORY IV

II~ ~ Ii- -- EQUIPMENT CASE GROUND 2 4
SIGNAL IN -OUT (COAXIAL)

NOTES:
1. Shislld ground point depends upon locotios of me~ting If; ni and whether

SHIELD-IN or SHIELD-OUT techniques aer being used.

2. Usually will take Category I designation.

Figure 5.4-1 Category Oriented Schematic Diagram. (Ref 59)
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Applic~tion of a classification plan to all the instrumentation wiring in
the aircraft will result in a considerable reduction of system interferences caused
by inadvertent coupling. Wire classification is a distinct aid in the solution and
tracking down of many electromagnetic compatibility problems. The classification
plan does not conflict with circuit or interconnecting wiring design but is merely
a specified installation procedure. The preparation of drawings that assign identi-
fication numbers to the wiring are not affected by the wire classification require-
ments, nor are removals or additions of equipment to an existing installation. Eco-
nomically, the costs of engineering design are more than off~et because of the mini-
mum rework for a given installation design. Wire classification eliminates the wide
variances in compatibility found on aircraft that contain a random wiring classifica-
tion.

5.4.8 Miscellaneous EI Do-Coupling Methods

Although the provisions for magnetic and electric field de-coupling
should be included during the design and installation phases, there are problems
that may occur later during the flight test program. A few "quick-fixes" for these
problems are briefly outlined below.

5.4.8.1 "Ziper Tub •n"Cable Shields 100

Existing installations I I
often present problems that pre- ' 80
vent rewiring or redesign. A Z 1 1 .00'1
ready-made "zipper-tube" may be a --
satisfactory solution for unshielded Z 60 00"
wire bundles. Ref. (61). 0 0 -0

Zipper or slide-fastev-r 4 MAGNETIC WAVES IkLECTRiC *VES PLANE •VESM 40| I l .I 
i | IIshield tubes are available in se9v- Z4- I

eral sizes from 1.9 centimeters
(0.75 inch) to 12.7 centimeters lI
(5.0 inches) in diameter. In- • 20
trinsic shield braids include both
non-permeable (e.g., tin-plated,
copper-wire mesh) and permeable type 0
(e.g., tin-plated, copper-clad, stain- D0 .1 1 10 100 1000
less-steel wire mesh). In addition
to acting as a Faraday shield, the FREQUENCY IN MEGAHERTZ
permeable braids offer shielding to SHIELDING EFFECTIVENESS
magnetic fields. Figure 5.4-2 show.
the SKI characteristics of a one Figure 5.4-2 Shielding Effectiveness
type of "zip-on/zip-off" tubing. of One Type of Zipper Tubing.

Ref (61).

5.4.8.2 Mesh-Tape Shields

A useful quick-fix technique for shielding a cable bundle is to use wire
mesh tape applied as a wrapping to cover the cable. Typical material is tin-plated,
copper-clad steel, knitted to a width of 2.54 centimeters (1 inch) and a thickness
of about 15 mils. The permeability of the tape also offers some magnetic field si.-
pression.

Table 5.4-2 Group I is representative of a tin-coated copper clad
steel, double wire mesh with about 50% air space, and an equivalent permeability of
about 300. Wrapping and advancing the wrap at one half layer per turn results in
the low frequency (f < 10KHz) shielding effectiveness for the different radii
shown.

Table 5.4-2 Low Frequency (f<10 KlHz) Magnetic Shielding
Effectiveness of Types. Ref. (B5).

GROUP MAGNETIC TAPE RADIUS OF WIRE HARNESS, cm (in.)
(Foil) r-0.254 (0.1) r-0.635 (0.25) r=2.54 (1.0)

Technit Mzgnetic Tape 30 dB 21 dB 16 dB

Metic, 0.01016 Cm Tape 32 dB 24 dB 18 dB
(0.004 in.)

Co-Netic, 0.01016 cm Tape 45 dB 37 dB 31 dB
(0.004 in.)II

Co-Netic, 0.0254 Cm Tape 52 dB 44 dB 38 dB
(0.010 in.) I
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5.4.8.3 Metal Foil Tapes

Still another tape available is the solid flexible metal tape. This
method is inexpensive and quick; however, it may be difficult to retain the "solid"
wrapped covering if the cable bundle is often flexed during use. Some tapes are
made with a conductive adhesive to improve the continuity of wrapping when the
bundle is flexed. It is vitally important to maintain complete coverage during
wrapping, since air gaps will reduce the magnetic shield effectiveness. Table
5.4-2 Group II contains examples of solid foil tapes.

Magnetic foil tapes are available in thicknesses that vary from two mils
to ten mils, and width variations from 1.27 centimeters (0.5 inch) to 5.08 centimeters
(2 inches). A minimum foil overlap of 50% is suggested in order to maintain the ad-
hesive bonding. Double wrapping is also suggested in cases when flexing will occur.

5.4.8.4 Conductive Heat Shrinkable Tubing

This type of heat-shrinkable tubing is made of a material whose inside or
outside surface is electrically conductive. The conductive coating is usually a
silver deposit which remains intact and conductive after shrinking.

100kHz 1NHz IOH Z IOOWiz 1GHiz 1O6Hz
120 120

~100 100

80-80
C

"• 2so
41 60 6

Lip40 40

. 20 -20

100kHz INHz IOMHz lO0iz 1G14Z 1GHz

Radio Frequency

Figure 5.4-3 Electric-field Shielding Effectiveness of Heat-
Shrinkable Boots. Ref. (B5)

Special connector boots are available that provide EMI shielding, shield
grounding, and strain relief in the termination of connector backshells. Typical
attenuation characteristics of conductive coated heat shrinkable boots provide in
excess of 30dB of attenuation in electrical fields at 1 GHz to nearly 100dB at 100
KHz as shown in Figure 5.4-3.

5.4.8.5 Ferrite Beads and Rods

A special type of EMI quick-fix is the ferrite bead and rod. Smaller
than a pencil eraser, one or more of these beads or rods may be slipped over in-
dividual wires coming from a common power supply or other system suspected of
conducting EMI or RF transients. It is important to note that they are ineffective
below 10 MPz and are usually limited to about 5 amperes of dc or 400 Hz power sources.

When the ferrite bead or rod is slipped over a wire, the magnetic-field
intensity concentrates in the lower reluctance path of the bead or rod rather than
the surrounding air. Figure 5.4-4 depicts the attenuation characteristics of the fer-
rite bead.

5.5 ENI Control During Installation and Maintenance of Crew Area Switches
and Displays

Design objectives for instrumentation controls and displays in the
cockpit must include features for installation and maintenance. Installation/re-
moval must be straightforward and accomplished without removal of other panels or
hardware. Dedicated cable(s) must provide sufficient length to provide display
removal/installation. Adequate mechanical protection of the electronics located on
the back side of the panel should be provided; this can take the form of a complete
housing or "bumper bars".

Maintenance relates to the ability to ensure serviceable operation of
equipment. Careful design and parts layout will be a distinct advantage during
trouble-shooting and parts replacement. Standard, well-identified components are a
necessity. Up-to-date schematics are invaluable.
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Figure 5.4-4 Comparison of Attenuation* of Ferrite Beads
Ref. (B5).

5.5.1 Design Guidelines

Although the basic design for most display and control panels are engi-
neered by groups proficient in such design, it sometimes is necessary for the
instrumentation engineer to design auxiliary panels. The following list suggests a
few fundamental requirements.

1. Displays and controls that are susceptible to damage or to inad-
vertent activation as a result of normal pilot/crew operations shall
be appropriately guarded.

2. Time-shared displays should be used whenever continuous monitoring
is not required. This approach conserves panel space and improves
grouping.

3. Fixed scale, moving pointer meters are generally preferred.

4. Scale graduations generally preferred progress by one, five, or two
units, in that order.

5. Avoid non-linear scaling.

6. Flight control and navigation displays should use "fly-to" pointers.

7. When operations follow a sequence or logical pattern, group the
controls/displays accordingly.

The control devices used on most panels consist of toggle switches,
pushbutton switches, rotary switches and circuit breakers.

5.5.2 Special Installation Reauirementa

Attenuation offered by shielding materials to electric, magnetic, and
electromagnetic waves are achieved in a theoretical manner. In actual practice,
however, this attenuation is compromised and not easily realized. Nearly all
instrumentation systems have penetration areas. For example:

1. Cover plates and access covers.

2. Heter windows.

3. Digital or display windows.

4. Shaft extensions (potentioiueter).

5. Cooling vents.

6. Switches.I
7. Fuse., cartridge ty.pe.

a. Indicator lamps.

9. Signal shields not fully insulated.
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10. Power and signal leads..

11. Connectors.

5.5.3 Typical DII Installation Problems and Solutions

Leakage or penetration through designed "holes" are typical of control
panels, display panels, and ground test equipment. These penetrated areas result
in shielding di scontinuities and ultimately degrade MI! immunity. Generally, theme
problems occur through design oversight rather than inadequate methods or proce-
dures to control them. A few typical problems and their solutions are suggested in
the followinig examples. Refs. (57, 60).

1 Problem- cover plates and access holes.
Solution - Properly installed EII/RFI gaskets which allow a press-
ure-tight fit.

2. Problem - Meter and Display Windows.

Solution - Electroformed mesh of 100 lines per inch will provide a

light transmissibility in excess of 80% and adequate EM! attenu-
ato.Vrostypes of this mesh are available and can be attached

3. Polm-Rotary switch shafts extending through panel usually are

Soluion- Acup or spring washer is inserted over the shaft under
the knob. Pressure is exerted by the knob thus providing a low re-
sistance path. (Figure 5.5-1).

THREADED NECK AFOFSIH
OF SWITCHSHFOFWIC

CUP WASHER

PANEL

ROTARY SWITCH

Figure 5.5-1 Rotary Switch - Spring Washer Bonding. Ref. (57).

4. Problem - Push button switches can generate interference through
switch assembly contacts and radiate this noise through the actuator
shaft.

Solution - The switch can be shielded by a conductive "boot" and
conductive housing covering the switch body.

5. Problem - Fuse cartridges exposed to noisy environment.

Solution -Fuse holder with fuse can be mounted within grounded box.

6. Problem - Panel or indicator lamps designed with a press-to-test
feature.

Solution -A procedure similar to panel meter EII control is used.
Provide a mesh screen to cover the lens of the light assembly. Be
sure to provide proper grounding through assembly to chassis panel.

7. Problem - Interference generated by toggle switch can be radiated
through switch assembly by the toggle switch handle.I
Solution - Add a )rounding clip to the handle (see Figure 5.5-2) and
ensure that the switch assembly is grounded to the panel.
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TOGGLE SWITCH
AllANDLE

GROUNDING
CLI P

4W- MOVEMENT-

ArPANEL

TOGGLE SWITCH
BODY

Figure 5.5-2 Toggle Switch Grounding Clip. Ref. (57)

a. Problem -Elusive common mode noise.
Solution -A chck of the insulation which covers the shield may

r* eal an area where chafing or accidental damage has allowed the
shield to be accidently grounded.

5.6 Transducer Installation Considerations

The installation of an instrumentation sensor on or in the test aircraft
warrants careful attention and careful follow-up to insure that all personnel
involved with the installation understand the sensor's purpose. _lie importance of
follow-up is best illustrated by the following examples:

5.6.1 Microphone Installation

A series of 0.635 centimeters (0.25 inch) and 1.27 centimeters (0.5 inch)
microphones were installed with their diaphragm fluih with the aircraft skin to
measure boundary layer noise. The system was satisfactorily checked out, and Qual-
ity Assurance was asked to approve the installation. Shortly thereafte , the
aircraft was ferried to the flight test area and readied for flight. rhal tests
were made of the microphone system. and the results indicated that onc .wicrophone
had failed and at least three others had shifted in their response. The microphone
diaphragms were checked for damage, and the problem was readily apparent. Quality
Assurance had stamped each diaphragm as A-OK and ready for flight. A brief investi-
gation reveal'-I that the installation and engineering checkout were satisfactorily
made at loc, -n "A" but the inspection of the microphone installation was carried
as an ope, in the aircraft log book to location "B." Upon arrival at location
"B" a mechanical inspector had cleared the item and stamped each diaphragm as "OK"
for flight, inadvertently causing the damage.

The problem of follow-up is readily apparent in this example but the
solution is rather complex. In general, it is difficult to monitor the exact times
of an aircraft ferry flight. It can be assumed that it will occur during first-
shift operations and further assumed that second-shift personnel will "work off"
open items. Without proper notation in the aircraft's log book, accidents such as
the one described are very likely to happen.

Sensitive and unique transducers such as microphones are always prone to
mishandling by grour" rews not familiar with transducers of this nature. Deliber-
ate and kno -:iab2 )ervision is a must if these transducers are to be properly
protect:

5.6.2 Pressure Tubing Contaminants

A variety of flexible low pressure tubing specifically designed for
high temperature has be",n used repeatedly with electromechanical pressure recorders.
The clock-type mechar- , iside the recorder is very delicate, and proper operation
is dependent on keepivi i mechanism clean. The high-temperature flex tubing
mentioned above is mi tutured to very high standards, and under most operating
conditions it would not cause a problem. However, using this type of tubing did
cause the interim clock mechanism to operate in a less than satisfactory manner.
The problem was caused by a few very fine "hairs" which impeded the motion of the
clock mechanism. The source of these hairs was the real proble. Where did they
originate? The answer was the high-temperature flextubing! An examination of the
tubing surface unde er fine lens revealed the tubing material to be rather gener-
ously compounded of very fine Fiberglas "hairs." A review cf previous failures in
the subject recorders indicated similar symptoms. The problem had always been solved
by thorough recorder cleaning, since all symptoms indicated "stiction" in the clock
mechanism. This type of tubing was later replaced in all aircraft using this type
instrument. Needless to say, the cleaning rate of the recorders diminished considerably.
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Although this problem occurred several years ago, a similar type of
tubing is still marketed today. Flexible high-temperature tubing of almost any
comosition creates a problem when used with instrumentation systems requiring verj
clean operating conditions. For example, all tubing lengths must be carefully
flushed out prior to use to eliminate foreign material trapped inside luring the
manufacturing process. Further, this flushing process must take place after the
flex tubing is cut to length, because most materials generate residue during the cutting
process. This residue can very easily be "trapped" within the tubing.

5.6.3 Noe oom Transducers

The flow vane and static orifices should be installed at least one fuse-
lage diameter ahead of the noe*. The mount for the boom should be rigid enough to
minimize defleftion. due to accel&ration and loads effects. Special care must be
taken to align the longitudinal a&X4 of the boom so that flow vane ustruts" are
accurately parallel to the airplane Y and Z axes. The sideslip vane (normally the
vane closer to the nose) must project vertically downward. Adequate guards must be

rovided to protect these vanes from physical damage during the hangar-ground
ntervals. Ref. (62).

The effects of boom bending due to acceleration and airloads, upwash due
to the boom and airplane, and cross flow components resulting from pitching or
yawing rates will introduce errors in the measured flow angles an comrared tothe actual airplane angle of attack and sideslip. The magnitude of each effectmust be investigated for each particular installation.

The advantages of the nose-boom pitot-static tube are:

1. Small increasing position error with increasing Mach number, com-
pared to fuselage static system.

2. Insensitive in indicated ambient-pressure readings for angles of
attack from 0 to +120.

3. Accurate measurement of stagnation pressure between angles of attack

of -130 to +320.

The disadvantages of the nose-boom pitot-static tube are:

1. A long, slender boom presents aerodynamic heating problems at Mach
numbers above about 3.

2. Ambient-pressure errors increase at angles of attack larger than
+120.

The advantages of the hypersonic flow-direction sensor and fuselage
static system are:

1. Stagnation pressure can be sensed accurately over large angle-of
-attack (-20* to +400) and angle-of-sideslip (±200) ranges.

2. High temperatures at Rach numbers greater than 3
can be withstood.

The disadvantages of the hypersonic flow-direction sensor and fuselage
static system are:

1. Risk of the servosystem failure during flight.

2. Large position error and sensitivity to variations in angles of

attack.

5.6.4 Strain Gages

A discussion of aircraft sensors is not complete without a few comments
and observations related to installation factors which contribute to strain gage
error and/or strain gage failure. Refs. (99, 63)

1. Excitation Voltage. - An output uncertainty of 1% will contribute to
an error of 1% of reading.

2. Lead Wire Resistance. - Take into consideration length and gage of wire
runs, fuses, and connectors as well as temperature environmental
effects nn wire resistance. Consider using remote sensing of exci-
tation power and constant current gage excitation sources.

3. Gage Resistance

* During the installation design consider using a 3-wire system
to compensate for lead wire resistance variations when only one
gage is used. This technique is effective to about 3200 C (6000 F).
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4. Completion Resistors and Temperature Change.

Any change in the bridge completion resistance can cause a zero
shift error that appears as strain. The error is dependent on
the amount of temperature change and the variation in the change
of the completion resistor due to the sma temperature change.
These completion resistors are usually installed in signal con-
ditioning boxes where the temperature change is small. When they
are installed in this manner the resistors are usually of small
sise and low power ratings; thus, self-heating is the prima con-
tributor to drifts due to temperature.

As useful guideline, bridge completion resistors should be
rated for at least ten time the power dissipation calculated
by design. Precision wire wound resistors, which are more
stable than carbon resistors, should always be used frr coa-
pletion, balance, and shunt calibrate circuitry.

5. Strain Gages and Temperature

Strain gages drift with amperature, but this drift can be mini-
mixed by using tempera4re compensated strain gages.

6. Test Variations

It is of primary importance to be aware of and limit varia-
tions in the lead wire lengths used in bench calibrations, loads
calibration, and flight loads measurements.

7. Strain Gage Lead Wires

When connecting to the two lead wires of a strain gage bridge
it is important to prevent stretching of the wires. The errors
created by the change in resistance are often secondary, however,
since the lead wires usually separate.

8. Connectors and their associated wiring are the major problem in
getting a strain gage circuit to properly operate.

Review the following when a related problem is suspected:

1) Proper contact crimping at connectors.

2) Thermal ENF's created by bulkhead divisions, chassis walls, and
potted "glanids".

3) Connector contact corrosion.

4) Connector vibration during flight; loose connectors or wrong

gage contacts.

5) Installation wiring errors.

9. Strain Gages Installed in Electromagnetic Fields

Inductive pick-up in the presence of high level electromagnetic
fields can be significantly reduced by bonding together two identical foil gages.
The two gages are bonded one on top of the other so that the grids coincide in the
plan view. The tabs are cut off as shown in Figure 5.6-1 to accomodate the wiring
connections. The foil grids should be very closely bonded together to minimize
inductive coupling.

TWISTED PAIRWIRES

TWO IDENTICAL
FOIL GAGES
•)ONDED TOGETHER
SO THAT GRIDS
COINCIOE IN PLAN
VIEW(STACKED)

ELECTRICAL
JUMPER

FuFOIL BAKELITE ORBF' • • EPOXY BASE

Figure 5.6-1 Back-to-Back Foil Gages
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6.0 INSTRUMENTATION SYSTEM VEIRFICATION DOCIJNDITATIOM

One of the most important aide to guaranteeing high quality test results
in the preparation of effective system verification documentation. Well-formulated
verification procedures and related documentation not only aid in coordination of
requirements, but also serve an an effective method in guaranteeing the validity of
the instrumentation system operation. Complete and well written documentation can
helo ensure that. Ref. (310)

a. All system performance reujirements are verified.

b. Valid performance criteria have been established.

C. All requirements, facilities, personnel and communications links are
identified and their support justified.

4. Teat methods, procedurets, and test equipment have been reviewed.

e. Methods for collecting the testing output and analyzing the re-
sults have been clearly defined and established prior to the start
of the testing.

f. Valid measurement techniques and their expected results against
which actual inputs and results are compared have been established.

g. Systems and/or subsystem problems have been identified and their
solutions formulated.

6.1 System Verification and Calibration Procedures

if necessary, provide step-by-step calibration procedures to demonstrate
that the instrumentation operates correctly and with the proper outputs. These
procedures can be broken down into three test phases:

Phase 1 - Develop installation inspection and pre-energizing procedures
that will assist in ensuring safety of flight. A typical checklist should verify
that:

(a) All units of equipment have been installed and that their location
and orientation are proper. All cables, cooling provisions, trans-
minsion lines, etc., have been installed in accordance with the
appropriate plans and specifications. Further, that continuity
exists for all equipment interconnections.

(b) The applicable test equipment is available, operationally satis-
factory, and properly calibrated.

(c) All authorized changes, modifications, and alterations have been
completed.

(d) Adequate access has been provided to all equipments for purposes of
maintenance.

(e) All moving devices are free and clear of obstruction.

(f) All pre-energizing procedures have been accomplished.

Phase 2 - Verify that initial turn-on or exercise of the system and its
preliminary testing include step-by-step procedures. The procedures should provide
for testing the equipment electrical supply circuits, including all power distri-
bution panels, switches, circuit breakers, and interlocks. Include unique procedures
for testing the torquing of connectors, for proper installation of RF transmission
lines and waveguides, loading and focusing of cameras, and other special operations.

Phase 3 - Make certain that the installation calibration includes com-
plete instructions for calibrating the instrumentation transducers. The test re-
sults must verify that all instrumentation transducers are operationally within
calibrated tolerance. When it is required that alignment be accomplished prior to
performing the calibration, the alignment should be included or, if too lengthy, a
suitable reference to its identification and purpose should be made.

6.2 instrumentation System Calibration

To insure that the accuracy capabilities of the instrumentation instal-
lation is satisfactory, it will be necessary to calibrate the system. This proce-
dure enhances the probability of finding and defining gross inaccuracies and mal-
functions soon after they occur. This procedure further implies that some method
of in-flight calibration capability is provided.

in general it is not possible to perform a complete system calibration
using primary calibration standards. This would require the use of primary stand-
ards for pressure, temperature, acceleration, flow rates, etc. for each measure-
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sent. On occasion a pressure transducer input can be uncoupled from its system and
a secondary standard of pressure substituted for the pressure source; however, it is
usually inconvenient or impossible to do with the other measurement types.

since it in impractical to use primary calibrations standards for all
transducer calibrations, a method of voltage substitution is often used. The
procedure in an follows: The transducer (end its amplifier if one is used) is
calibrated in the laboratory using a primary calibration standard with matched
impedances. The result is a tabulation of output voltages from the transducer (and
amplifier) versus input to the transducer from the primary calibration standard.
These tabulated values can then be plotted, producing a continuous calibration curve
for the pressure region of interest. The output voltage values can now be substi-
tuted for pressure changes at the transducer. The instrumentation system is cali-
bratad by applying a known voltage at the point where the output of the transducer
(or amplifier) would normally be. The system output is then recorded or tele-
metered to a ground station recorder. Typical calibration curves are shown in
Figure 6.2-1. The dotted line correlates the substitution of pressure with voltage
output.

TRANSDUCER TELEMETER GROUND STATION
COMMUNICATION

0 0Z

CALIBRATED INPUT VOLTS OUT (OR RECORDER DEFLECTION)

Figure 6.2-1 System Calibration Curves Showing
Voltage Substitution.

This method of voltage substitution requires that the transducer-amplifier combi-
nation be calibrated as a unit so as to eliminate inaccuracies due to differences
in each individual trankducer and amplifier.

6.3 Review Boards

The broad requirements for documentation apply to all project review
meetings of which the instrumentation engineer is a vital part. The technical
state of the design at the time of the review usually determines the extent of the
detail required. The review board structure as used by the NASA Dryden Flight Re-
search Center is shown here as an example. The criteria for appointing a review
board normally consist of:

A. Significant new program or operation.

b. Critical configuration changes or modifications.

C. Proof-of-concept demonstration or tests.

d. Hazardous or critical flight test.

e. Use of specialized equipment or facilities.

6.3.1 Design Engineering Review (DER)

The DER is a function normally established whenever system design is
sufficiently developed and identified so that a credible review and assessment can
be made. The DER performs design evaluations prior to an installation, and may
continue through the installation phase so long as design/engineering changes may
be required. The DIR will normally conclude with the establishment of an Operational
Readiness Review, if applicable.

6.3.2 2oerational Readiness Review (ORR)

The ORR precedes the first flight or specified operation at a time when
credible review and assessment can be made without delaying the operational sched-
ule. The ORR may be a follow-on function to the Design Engineering Review, or may
be established as an independent evaluation of individual or combined operations
associated with an~y type of flight or ground activity.
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6.3.3 board Functions

The functions of the Board should include the following as appropriate
for the typo of review (DER or ORR) being conducted:

a. both Boards (DER and ORR)

(1) conduct an independent review and assessment of the total
program or operation and assure that adequate and proper plan-
ning and preparation is accomplished to result in meeting
required objectives under acceptable safety conditions. A major
goal is the development of current and correct operating in-
structions, effective configuration control and positive safety
and quality procedures.

(2) Provide engineering and technical recommendations to concerned
personnel, while reco izing that it is not a function of the
Board to request or d nrect the actual work effort.

(3) Maintain effective communication among board members, program/'
operation personnel, and the Program Manager or his represen-

(4) Submit a formal report of Board activity, findings, and recom-
mendations to the Program Manager or his representative, with
copies to the Safety and Quality Assurance office. Submittal
of this report must be early enough in the schedule to allow
for timely and effective action as required.

b. Design Engineering Review Board

objectively review and assess all facets of the program, including
as applicable:

program objectives and general plan

design philosophy and application

development activity

* engineering approach

system safety (hazard analysis and
risk assessment)

* preliminary test planning

* preliminary operational planning

C. operational Readiness Review Board

objectively review and assess the state of readiness of the in-
stallation verifying that it has met the safety provisions, in-
cluding, as applicable, proper establishment, definition, and im-
plwnentat2.on of the following:

* operational objectives

* operational planning and methods

* emergency/contingency planning

* system safety (hazard analysis and risk assessment)

6.3.4 Responsibilities and Procedures

The following actions are generally applicable to the performance of
Design Engineering Re views and Operational Readiness Reviews, although not neces-

sarily in the exact order shown. Specific actions will vary according to the type,
size, and complexity of the program or operation.

a. Appointing Memorandum - The. Program Manager or his representative
should appoint the Board by means of a memworandum to concerned
personnel which:

(1) Identifies the Board members, Board chairman, and advisory or
consultant personnel where applicable.

(2) Identifies the program or operation concerned.

(3) Identifies the purpose of the Board and any specific areas of
concern or desired special effort.
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(4) Establishes meeting places and times and specific reporting
requirementa; however, these are normally established by the
Board chairman.

b. board Briefings - Required briefings should be p resented by quali-
fied program or operation personnel to familiar ize the Board with
the overall effort, and the specifics of all areas under evaluation.
It is the responsibility of program/operation personnel to assure
that all information provided to the Board is current, complete, and
accurate; that all hardware and equipment submitted for evaluation
is properly prepared and represents the actual configuration and
functional characteristics intended for use; and that all known or
suspected anomalies, deficiencies, discrepant conditions, and
areas of concern or question are identified.

C. Evaluations - The Board should perform required and appropriate
evaluations of the concerned proram or operation, including, as
applicable, the design, fabrication and performance of hardware, and
the correctness and adequacy of software.

d. Board Report - After completion of all actions considered necessary
by the Board to properly accomplisheits appointed purpose, a report
signed by all Board members shall be submitted to the Program Man-

ager or his representative. No specific report format is required,
but the board determinations, recommendations, and conclusions pro-
vided in the report shall be based on informati~n acquired and
evaluated as de.-iiibed in b. and c. above. The report shall in-
clude:

(1) A review of all chronological/historical Board activity.

(2) Recommendations regarding the concerned program or operation,
specifically including all areas of concern and proposed changes,
restrictions, and limitations.

(3) Specific identification of all non-concurrences by any BoardI member.
(4) Supplements and attachments pertinent to the report.

Inubseduenly Bordesoled, shall bhe aimatte of riseor ont all pertionent
Indivieduatooftevral Board membershp haetergtoaisnt with anyseactio nor
rubeomendtln reoflted oveall boar memtershipecand suchl derissent, fnt
documentation, including the Board report. The report must be signed by
thIhara and all members of the Board prior to submittal to the

PormManager or his representative. The signature of any member does
ntnecessarily indicate that he agrees with all portions of the report,

but does signify that he has reviewed the report, that in his opinion it
is complete and factual, and that his areas of disagreement or nonconcur-
rence are properly presented.

6.3.5 Operational Readiness Review Checklist

An operational readiness review checklist may be used by concerned oper-
ational/support personnel and the ORR Board as an aid in determining that specific
requirements have been considered and are properly complied with or are not appli-
cable to the operation.

Operational Readiness Review (ORR) Checklist
Technical

1. Are operational objectives and proposed methods of accomplishment
(technical approach) clearly defined and compatible?

2. Have technical support requirements been coordinated with concerned
elements to ensure performance and avoid schedule conflicts?

3. Are sufficient qualified personnel being utilized?

4. Is there a requirement for training, simulation, dry run?

5. Are proposed facilities and equipment adequate?

6. Are special techniques or processes required? Are they provided
for?

7. Is the planned gathering/recording of operational and safety-
critical data adequate?

a. Are specific vehicle/equipment limits clearly defined and under-
stood?

9. is there an above-normal possibility that limits will be exceeded?
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10. Has prior experience with similar operations, and qualification and
other test data, been reviewed and utilized if appropriate?

11. Is the performance of the operation correctly specified in approved
documentation (drawings, specifications, manuals, procedure., etc.)?

12. Is additional technival information required?

Safety

1. Is the plannea sequence of operations logical and satisfactory from
a safety viewpoint?

2. Are hazard. identified and criticality determined?

3. Is there any undue hazard to personnel, or possibility of damage to
equipment?

4. Have hazards been eliminated? If not, are they controlled by safetf
devices, warnings, procedures, etc.?

5. Has identification been made of conditions having a high risk po-
tential which cannot be minimized, including their relationship to
program goals, scheduling, facilities, other programs?

6. Can tht operation be accomplished easier and safer by other methods?

7. Is the established operational envelope being exceeded?

a. If the envelope is being exceeded, is it authorized, are necessary
precautions being taken, and are required controls established?

9. Have necessary emergency procedures been established and documented?

10. Are GO-NO-GO critaria established and documented?

11. Is the GO-NO-GO decision-maker identified?

12. Is the overall operation acceptable to engineering, operations, sup-
port elements, safety/quality?

6.4 Record Keeping and Documentation

The process of developing an instrumentation installation requires a
variety of decisions and a careful accounting of each item of hardware and wiring
contact assignment. The instiumentation engineer should devise a method of record-
ing these decisions and assignments.

Since signal wiring and associated connectors constitute the bulk of
installation hardware, an accounting of connector and contact assignments will be
the most useful.

6.4.1 Wire Lists

A carefully assembled wire list can serve both the instrumentation engi-
neer and the technician. During the development of the wiring diagram, as each
wire or cable is added to the diagram it is assigned a wire number or code. A
careful accounting of assigned number, wire size, and routing per each wire contact
assignment must be recorded. Such a record is often referred to as a wiring list.

A wire list can be very simple or highly complex. A very simple list
consists only of the numbers used to identify each wire. This is a minimum re-
quirement assuring that numbers will be used only once.

Table 6.4-1 A Detailed Wiring List

Wire Gage EMI1 Segments Color and Routing Drawing
Number Class Number of Disconnects Page

Conductors

642 22 IV A-B (Bk,W,R,Gn), 4C D6 4.8
64364499$tt
646
647
648 I I I*'I ~649t
651 22 IV A -B (Bk,W,R,Gn), 4C D6 4.8
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The wire list shown in Table 6.4-1 has been derived in part from the
wiring diagram shown in Figure 6.4-1. In contrast to the simple list of wire
numbers, this wire list is more complex and represents considerable time and effort.
The columns provide the following information.

- The assigned wire number. Shown here are Wire Numbers 642-651.

- The wire gage identifies the wire size and thus its current carrying
capacity.

- The EMI Class identifies the wire as either a receiver or trans-
mitter of interference. Class IV is a receiver.

- The segments A and B indicate that the wire/cable passes through a
disconnect of some type.

- The color and total number of conductors in the cable must be listed.
Shown here is a four conductor cable (4C) with the colors Black,
White, Red, and Green. Parentheses around the colors are used to
indicate a shielded cable.

- The cable routing is shown by listing the disconnect/a, through which
the cable is routed.

- Listing the drawing page number facilitates locating the wire or
cable listed.

The complex wiring list as initially prepared appears to contain infor-
mation readily found elsewhere in the diagrams. However, the advantage of this type
of listing becomes evident months or even years later, when wiring changes, equip-
ment changes, and even project assignment changes interrupt the initial and care-
fully planned wiring diagram design efforts. An up-to-date wire listing such as
the example shown will help maintain control over the wiring installation.

6.4.2 Connector Lists

The interface with wire number assignments is connector contact assign-
ments. Refer to Figure 6.4-1. The aft instrumentation compartment disconnect is
carefully documented. Each contact assignment must be recorded as it is used.
Figure 6.4-1 illustrates a method often used to account for each contact in a
connector. This diagram is required for the routing of each wire, and the tab-
ulated data form shown in Table 6.4-2 is derived from the wiring diagram after
final routing and installation.

R/H
WHEEL WELL

DISC AFT COMPT

GAx - a --- " DISC

(A) V .ERTICAL ANc w, - 4 WI- - C

_I NCO- A RED-

-- 0 MIL
(9)l VERTICAL

IPARE A [<Z -T - 1.... V G cN] GrN I_[-T - . -

REDA4 -L• E -RDOK-J

GAN ,- L - _11

(PRIME) G-AN- L -

RED - K
RED -- x -- RED 9 LK -- M

O4.X-- N -- ELK"

ID) LATD RAL GAI - G
(S P A R C ) - - 4 1 A4 C G O -

PIED -- P -:ED 4 OK-II T -

BLU -- T -- LK

IPRIME) G-ASRN V -
W1T- W -- NT I•IaC WNT-- W --

RED - US-- FRO - 1 9-IC.- x -

ISPAREI OR"- Z -
-T - T Ir- W2 KNI

Fig r e-6.4-1C A C pOfm 
t s e

Figure 6.4-1 Aft Compartment Disconnect. +
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Regardless of the method used, the connector contact assignments must be
carefully controlled, particularly when two or more categories of wiring are routed
through the same connector. (See Section 5.4.1). In these circumstances, each
category must be routed together by grouping contact assignments. This is a good
reason for not "scattering" the contact assignments when using a connector of large
contact capacity.

Table 6.4-2 Tabulated Connector Assignments.
Compare with Figure 6.4-1, Aft Instrumentation
Discoraect.

P MRAC104 J

Drawi ng Wire Wire
Page Identity Contact Identity Parameter

4.8 642A4C Bk D Bk 642B4C Vertical
W C W (prime)
R A R
Gn B Gn

4.8 643A4C Bk J Bk 643B4C Veritcal
W H W (spare)
R E R
Sn F Sn

4.8 644A4C Bk N Bk 644B4C Lateral
W M W (prime)
R K R
Gn L Gn

4.8 645A4C Bk T Bk 645B4C Lateral
W S W (spare)
R P R
Gn R Gn

4.8 646A4C Bk X Bk 646B4C Drag
R U W (prime)
R U R
Gn V Gn

4.8 647A4C Bk b Bk 647B4C Drag
W a W (spare)
R Y R
Gn Z S

6.4.3 Other Examples of Record Keeping

Until now, the discussion has primarily been directed at the equipment
connectors and their wiring. Additional record keeping is required for the follow-
ing, for example:

1. Tape recorders - parameter/recorder channel assignments.

2. Commutator - parameter/input channel assignments.

3. Signal conditioning boxes - parameter/input/output assignments.

4. Time code generator.

Items I through 4 are usually added to the wiring diagram within the
"box" drawn to represent the chassis that is being wired into the instrumentationsystem. Examples of each are shown in Figure 6.4-3.

I1
.4
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6.4. The P3amte 4ieU Sheeti

one page of a typical harod printed parameter line-up is shown in Figure
6.4-4. The format is designed to assist the engineer and the technician. Transducer
and signal conditioning information permit the line-up sheet to represent an up-
to-date record of transducer assignmeent that can be reviewed prior to each flight.
The computer, however, has altered all of this record keeping method.

The parameter list shown in Figure 6.4-5 represents one example of a.•
computer print-out in use at the present. The information contained in this form
is primarily concerned with only the parameters and the digital system. Instru-
mentation sysetm• record keeping has been deleted. In order to document the trans-
ducer and signal conditioning information shown in Figure 6.4-4, additional cards
must be punched and another listiig z•ade. This procedure has two serious disadvan-
tages. First, it requires additional computer time which is usually not available.
Second, in most cases it transfers control of updating the parameter listing from

: ~the technician staff to the engineer. Formal documentation now depends upon computer •
availability. "
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if the tranducer and signal conditioning information included on the form
shown in F'gure 6.4-4 is not provided by a second computer listing then other methods
must be used.

For example, the signal conditioning chassis input and output contact
assignments can be recorded on a standard form of the type shown in Figure 6.4-6.

DIGITAL PARAMETER LINEUP

Figure 6.4-4 Flight Instrumentation Parameter List
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REVS DATES 10/ 1/79
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Figure 6.4-5 Digital Parameter Lineup I
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Channel No. 1, airspeed (coarse) is routed through channel A, card No. 1 of the
signal conditioning box.

Internal Transducer Feed Signal
Card connector Thru Output

Assigiment Parameter +Sig -Sig +*xc -Rxc +Big -Sig +Sig -Sig
I-Chan A Airspeed 2-k 2-f 2-c 2-p 2-k 2 -p l-Y 1-b

(coarse)
1-Chan B Airspeed 2-m 2-h 2-d 2-r 2-s 2-r 1-e 1-j

(fine)
I-Chan C Long. Stick 2-n 2-j 2-e 2-s 2-n 2-e 1-n 1-.

I-Chan D Lat. Stick 2-w 2-v 2-t 2-x 2-w 2-t 1-v l-x

2-Chan A Rud. Pedal 1-n 1-j 1-e 1-s 1-n 1-s I.-T I-

2-Chan B Yaw Trim 1-v I-v l-t l-x 1-W l-x l-R I-U

Figure 6.4-6 Signal Conditioning Box
Input and Output Contact Assignments.
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7.0 SPECIAL COh(SIDEATIOIIS

Each instrumentation system installation is unique. in fact, it's prob-
ably safe to state that no tvo are exactly alike. As a result, ALL installations
require special consideration of one kind or another.

Four areas of special consideration were selected for discussion. The
first, sneak circuit analysis, was chosen for two reasons. First, the technique is
relatively new; and second, experience has shown that instrumentation engineers are
oriented towards meeting development and installation deadlines, since the ultimate
goal is an operational system. There is usually very little time available for
circuit analysis that may or may not discover a design deficiency, An understand-
ing of the type of mistakes most often made during system design and installation

can be of benefit to both the engineer and the technician staff.
The second subject, pyrotechnic devices, was selected based on the present

trend towards the use of scaled down versions of manned aircraft to accomplish
expensive and hazardous testing. This type of flight test vehicle, more so than

testing modes, vehicle recovery systems, and flight termination systems. The cir-

cuits required to accomplish these tasks are usually designed by the instrumentation
engineer. Further, these circuits require input commands from an external source,
which infers a need for an antenna installation on the flight test vehicle. For this
reason, a third subject, aircraft antenna patterns, was chti~n to provide the engi-
neer with a basic understanding of how to interpret antenna radiation patterns.

The final subject chosen discusses the effects of lightning and static
electricity. This subject involves several areas of interest for the instrumentation
engineer. Foremost, perhaps, is the wire shielding techniques used to control light-
ning induced currents.

7.1 Sneak Analysis

By definition, a sneak is a combination of conditions which cause an
unplanned event. The definition is applied to both sneak circuit and sneak soft-
ware analysis. However, in this discussion, only sneak circuit analysis will be
addressed. Refs. (64, 65, 66).

7.1.1 Sneak Circuit Analysis

Sneak circuits are hidden or unrevealed paths existing in electrical
designs which usually appear to be satisfactory, but may under a given set of
conditions prevent a desired operation or invite an undesired operation. The
analysis does not include component failure. Unfortunately, the expression "sneak
circuit" is generally interpreted as pertaining only to the electrical circuit and
some unknown hidden or latent problem. This concept is not entirely true, because
the sneak circuit, or more appropriately sneak condition, can exist in several
forms.

7.1.2 Types of Sneak Conditions

Sneak Path: The sneak circuit path is the classic concept. Current
flows along an unexpected route or 'path.'

Sneak Timing: This form of sneak problem may cause or prevent the
flow of current that activates or inhibits a function at an unexpected time.

Sneak Indicators: A sneak indicator may cause an ambiguous or false
display of system operating conditions.

Sneak Labels: An ambiguous or abbreviated label may cause incorrect
stimuli to be initiated through operator error.

Sneak Procedures: Incomplete or poorly written instructions may
permit improper action. during system operations.

Design Concerns: Factors such as improper or inaccurate redundancy;

unncessary circuit components that may have been disregarded or overlooked areareas of design weakness.

Drawing errors: Drawing errors may appear in the electrical sche-
matics and/or wire lists, or the two may disagree.

The seven categories of sneak circuit listed here reveal latent potential
* problems that may develop immediately or long after initial system operation.

Although sneak circuit analysis can be applied to any electrical system, its cost
effectiveness lies with those sub-systems considered critical, whether large or
small, whose failure jeopardize unique or costly larger systems.
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7.1.3 Instrumentation Systems and Sneak Analysis

Failures in the instrumentation system should not affect the safety of
the aircraft and for this reason the two are very carefully interfaced. However,
the contribution that sneak analysis makes to flight safety and proper instrumen-
tation operation can best be understood when the seven categories are quantitatively
compared.

The degree of success derived from performing a sneak analysis is pri-
maiydetermined by the completeness of the installation docmenation, which is

directly affected by manpower and funding. In other words, since the sneak circuit
anasisi relies on the data available to the computer, only complete and compre-

supporting data will produce optimum results. Support data in the form of
assembly drawings, overall system level interconnect diagrams, and electrical
schematics describing the system interfaces for aircraft/instrumentation must be
complete and up-to-date. When these supporting data are incomplete, then sneak
circuit errors take the form of omissions.

The overall result of omissions generate a category of potential anoma-
lous conditions that exist beyond the scope of the anlysis because the basic
analysis procedure ends at the first designated high impedance device encountered.
Figure 7.1-1 illustrates the problem of omission. A network tree has been con-
structed from available information. Since the device at point G is not iden-
tified nor is its circuitry routing identified it is designated an a high impedance
point and analysis stops.

81 PWR
28vdc ANNUNCIATOR PNL 0 I

B'
XREF N.S. 590 11F

81
LR6II
47K

SOl II
BI FAILURE IILR711 C

5. 1K

BIDS 7 LRSI I
FAILURE I I " 221K

BI
JI / 42

TO TELEMETRY

Figure 7.1-1 Sneak Circuit Network Tree

Similar omissions may exist in other areas and the lack of overall system document-
ation renders the sneak circuit analysis incomplete and difficult to understand or
interpret.

The solution to the problem of incomplete documentation is obvious, but for
most instrumentation installations complete and comprehensive documentation is
manpower limited, i.e., it doesn't get done.
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Assuming that a typical instrumentation system installation lacks sufficient
documentation, can the sneak circuit analysis technique still be useful? The
answer is "possibly." The answer is derived from reviewing the results of a vari-
ety of projects that have benefited from sneak analysis.

Listed in Table 7.1-1 are the results of a. sneak circuit analysis per-
formed on twenty-two different type of systems. Some were ground based and others
were airborne vehicles such as airrcraft and missiles. This table was organized so
that the distribution of each type of sneak condition could be quantitatively
reevaluated.

The column entitled "Combined" consists of five basic types of sneak
* circuits;

a. Sneak Paths.

b. Sneak Timing.

C. Sneak indicators.Id. Sneak Labels.
e. Sneak ProceaIures.

The two remaining columns, "Design" and "Drawing," bring the total to seven.

Table 7.1-1 Sneak Circuit Distribution for 22 Different Systems.

Type of sneak
System Combined. Design, Drawing,

percent percent percent

1 11.7 60.3 28.0
2 14.9 0.5 84.6
3 39.0 29.0 32.0
4 24.7 53.4 21.9
5 11.3 5.9 82.8
6 11.5 4.9 83.6
7 10.0 41.4 48.6

P8 34.2 15.8 50.0
9 14.8 7.9 77.3

10 13.7 2.2 84.1
11 7.5 10.0 82.5
12 12.5 50.0 37.5
13 27.8 16.7 55.5
14 12.1 0.8 87.1
15 74.2 11.9 13.9
16 13.7 23.9 62.4
17 11.0 4.0 85.6
18 60.5 18.5 21.0
19 97.0 1.6 14.0
20 7.5 10.0 82.5
21 3.7 55.6 40.7

1 22 1 25.0 1 16.7 1 58.3

After comparing the percentage values in each of the three columns i t
becomes apparent that drawing errors comprise the dominant sneak problem. By
actual count drawing errors dominate in 14 of the 22 systems listed. From the
remaining 8, drawing errors rank second in five of them. Knowing that the majority
of sneak conditions are drawing errors should tend to focus careful attention to
these areas during development of the drawings and associated listings.

7.1.4 Examples of Sneak Analysis Reports

Several examples of the sneak circuit reports have been extracted from
References (64, 65, 66) and are presented in Figure 7.1-2 through Figure 7.1-8.

L It
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Figure 7.1-2 shows a report on a sneak circuit. Tba condition was found
during an analysis of the 2-737 research support flight system. The sneak path would
have allowed the 28 volt engage interlock bus to have been asorted to a ground through

a suppression diode, which in turn would have caused the relay contacts to weld
together, locking the system in the engage mode.

jDATE 3-67
TITLE POSSIBLEPOWER TO GROUND SHORT IN ENAGAG

mENGINEER

1. A6-40-010. baic Revision, Autopilot Engage and 'A' - 01* Select

2. AF-61-0. Basic Revision. Autopilot Engage Interlock

3. 737 IlFS Nodal Set 102

MOO•UEACIIPWHNT

AFD/I237

EXPLANATION

When the FF0 "€WS" Engage Switch relay KI ts e ieozed. a switch is enabled which
chan•es the contact positions of I ad opns a icroswttd which inhibits the
KB circuitry. At this tim the ellsow force limiter solenoid zes _nrgZed and

iscontacts change state. If th aergency disconne wict 2" i pnd
the allow force litter solenoid loses power and Its contacts return to a normally

closed state. If S149 Is thromw to its normally open position.pwer to ground

path exists as sonby tesneak path arrows in Fi rQ 1 (attached). This path
exists owly momtentarily unless the spring loaded wlt./ enabled by KI is physically

held in the engaged position. A similar path exists through the suppression diode

of KO also.

POTENT IAL IMPACT

Damage to circuitry

RECOMMENDATION

Place a blocking diode below pOn 1 of S14g.

El-3
SWTOICED POWER

(+250rC BUS I EN6 INTERLOCK)

ND~

A/P CRUISE TRIM 1 14 LO

CUTOUT SW. N
-- FF0 'CdS'

8237 ENGAwE¶ 537 3 SKIM mc0 SW.AFO EGNE 3 sm 1 1 1s•
MICRO SM. 1 SU.

S -,, -" f/O TAKEOVER SW.

"ElSI -*T. TAKEOVER SN.

AI- B237+2SVOC 4 I• . 1237

ENGAE INTERLOCK FFD "CWS" KI AFO NA

-ENAGE SW. . WNTRL SW.

1 Sl I L6 ,"

M 4 1 1 1r _~ 1-------

* gfC.JENGAGE 4 B2371 i FLAP SYNC

TO OTMER

C OLNOICUOCERY3

TO OTHTCHE

SSHIM PATHToSICE

Figure 7.1-2 Sneak Path.
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c b Figure 7.1-3 is an 6tmple of sneak tiMi . The altitude hold switch

could be dropped out afte being engne . In additfon to being a design concern,
this is a problem of timting and is caused by the normal operation of break-before-
make contacts in a relay. The problem can be elininated by changing to a make-
before-break relay.

TIl! Altitmb Held Switch MAY DOr" Out After 6 "97

1) G.E. Orawing 92SC92. Rhevision C. 1-N-46

2) G.(. Drawing 2411402. Revision B, 2-S-74

MODULEAQUU'MENT

Control Aplitfier Part #23K42064, Ref. Des. 65-AN30

EXftANAIrON

When Altitude Hold Switch is engarged, A eneri and Closes contact Pins 2 .3nd 7.
Then KA energizes and opens contact Pins I ad 7. thus removing the 90 VOC
from the Adder Attenuator. After C15 and C23 discharge below approximetely
21lvolts transistor Q3 and Q4 turn off and K20A loses its path to ground and
de-energizes. when K20A deo-eergizes K20A contact Pins 1 end 7 close and KA
contact Pins 2 and 7 open. When these contacts are switching, the Altitude
Hold Engage switch loses voltage to its holding coil.

POTENTIAL IPIACT

Altitude Hold may disengage while K20A contacts are switching.

RECOMMENDATION

Replace relay K20A with a relay with make before break contacts.

+28 VoC
When
A FCS
Engqed

KSA
3 1v,, +36 VOC

K20A
7 7

+90 VOC

_...-Altitude --

12K K6 Q3
K 2;0 CR l0 21 21 03

P1 4

-- IR30 R23'

K1IK 15K
CISS + C23 +

PITCH noWSO

- ~ C.UTC: 1910 910 0

Contacts shown in normal position during AFCS

"oration prior to Altitude Hold EngagemnSt

Figure 7.1-3 Sneak Timiug.
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Figure 7.1-4 shov sneak indicators. A ground indication falsely indi-cates that four relys are reset when only two of the four are sonitored by theitdicator. This 1c cause a ground test checkout to verify a circuit
that could be failed.

uTIE F4l1e |Islcation Of "Iu Relhy !sett ' A T -

; ~ENGINEE

I. 0Mg3 Schdttic 01iar. PAL/AACS $ace Shet 2. Zone 3. 33

MOOULEAQUIPMINT

PAL/M

XtPLANATION

The Indication tht Ia relays are reset~ss show In ire 1, is a flse
indication. Only relays KS &PA K6 are checked by this Indtcation.

POTENTIAL IMPACT

Ifndiayon3 und K4 fail In the set state and a false IUA Relays ResetIndic& I ou"vld be monitored.

RECOMMENDATION

Add relay contacts for 13 and 14 to circuit or change title to 'KS and K6 I&A
Aly Reset*.

"I4A RELAY RESET*

T 
WIlJ6

'I&A PLY RESET IND'

PIN F
U S -

K it

Figure 7.1-4 Sneak Indicators.



Sneak labels are shown in Figure 7.1-5. The sneak label is on a tele-
metry measurement that indicates that the right landing lights are on. The label,
however, indicates "landing lights on.w This is an urnmanned aircraft, and the
measurement could cause the operator to believe that all landing lights are on
when only the right landing light are on.

Th [~DAN, February 22, 1973

MISLEADING LNi0DING LIGHT ON' ENGI __E_[. __rn
TELEMTRY MEASUREIENT

KFERENCES

1) Electrical wan Electronic iring Dilagrm. 226-1800S. Rev. G. Page 33-40
2) Multiplexer Neasurmnts List provided by Organization 2-217S5

MODULEACIUMPNT

Air Vehicle/Exterior Lights

EXPLANATION

the 'Landring Lights On" measurments show in Figure I are not true under
certain conditions. It is possible for the Waesuramenfts to be 0on and the LH

Landing Lights OFF if CB17 is open. Also, It is possible for the messurements
to be OFF and the LH Landing Lights ON if Cal8 is open. The measurements show
in Figure I actually monitor the Rh Landing Light status.

RECOMMENDATION

Renae existing measurements *RN Landing Lights ON; and add new measurements

for "LH Landing Lights On'.

Non-Ess Bus *2 Non-Ess Ws #2

¢017T Li Lending Ce MILanding
Light gL gts

KIS LndingLanding

Ki - Lights On KIS Lights On

LH Landing
Light

RIH Lending
Light

P B Sig

HUX flux Cond
ASS A56 A49

roes. - Landing
Lights On'

Figure 7.1-5 Sneak Labels.

Figure 7.1-6 illustrates a sneak procedure. The problem involves the
lost carrier check, which is supposed to be performed between 7 minutes and 2 min-
utes before the vehicle is launched. If this check were to be performed, it would
activate the timing circuits for the vehicle's drag and main chutes. This would
cause the mission to be lost.
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TITLE Last Carrier Check In-effocti•e In DAi WWII

Ilsiettleg1 4twory sytetm ENGINEIER Gordonluck'*

REFIERE NCEI S

I) T.O. 140•0-i, Pole 2-4, Flight Controller Man-,I

MOOULC/4IAuPN!NT

AW3I/Chwe Timor

EXPLANATION

If the Lost Carrier Check is performed botw sevon minutes And tw mlnutes prior
to SPA Lamach, the following condition exists.

In Step 2 of the Lost Carrier Chlck, the Chute Timor Reset twitch it depressed and
the Ora and Pain Prime light% go off. In Stop 3 the Carrier Test switch is
switched to the Carrer Test position and its light caos on. If Stop 3 Is not
initiated within 30 second of Step Z.Orto and Main Primer Timing Circuits (Chute
Titmr) will provide a continuotus oatpt whtch will ftsalt in the chutes Wli
released as soon as the SPA is reatsed frm the luench Aircraft.

R!CONME N DATION

Step 2 and Step 3 should be interehanged.

Figure 7.1-6 Sneak Procedure.

Figure 7.1-7 illustrates a drawing error. This presents the problem of
incomplete documentation. Since the usage of the wires listed is unknown to the
reviewer, each is assumed to be open ended. (High impedance).

DOCUMENT NO. Icl t7 N.& ODESIGNATOR ESUISNsE

ZZOWln I See lelo. Dioltal
UJNIT NcO~tN,.L.iUiIL

Alohal Sinval List

OISCEPANCY.

Listed below are sionals and associated Connectors which hive no Apparent "to"
termnation point. These wires are not labeled AS spare Or in a"iv other way

desiqnated as unused.

signal Pane Connector-Pin signal aNe Convector-Pin

flso3ID AJ09-1 9 .26VOHl [000-0SI
vISTESTD AJ09-153 26VOL. [000-052
4150D EOOO-046 Srml0ID AJ09-118
+2'II0 P.A09-140 +.*9"20 Q.309-119
+OTESTO A309-15S +STESTRI AJ09-1 51
.28VDCTA J017-093 +5T(STZO AJ09-152
+ZEVOCTB J117-093 -I 1•0 AjO9- 130
+?OV(XTC a217-093 -ISTESTO AJ09-154

ASSUMED CORRECTION: (Continued)

For the purposes of Sneak Circuit Afoalvsis these wires are assumed to be open-
ended. This wire list should be revised to reflect usaae of all wirino.

EPORTED Y B, Aleoaeder DATE 1-8.76

SNEAK CICUIT
GROUP ACTION lY__ DATE

CONTACT NAME DATE

CONTRACTOR CONCURRENCE BY ,DATE

Figure 7.1-7 Drawing Error.

Figure 7.1-8 shows a sneak dehign concern. Part of a flight control
amplifier is shown. If any one of the diodes in the three-phase input power fails,
the capacitors used in the circit would fail.
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TITLE Capacitor Faillre Do to 0iode Failure DI /M

IIGNIP. F, Stakes

6.1 1 inq 2311402. NeWisian" S. Doted 2.5-74.
G.E. l toi 3S2902, Revieam C. DbOd 1 26-416.

3J .$i. ffwioq ?MClo, Revision c, Doted 3.3141
4 1lletretam. Parts bk'ebdomm. T.O. *3-10-4. Chowe 1. Dated I Apyil 1973

5) TI-STDHIUC. rated 23 Septoodwar 1372.

Control Ampifier. P/Nl 23K42M4. otf. Des. 114NA31

1)XFIAHAT1ON

Diodes CM51, C1151 an CASE rectify the f c-i-*9 IlSVAC. 400 lix. I phase powr to
provide 135 VOC to the Adder Attenuator eid Electronic Sw-itch Monitor. This
Vel ta" is filteredl by cometits" dSO. CSI. CiNS On C23. C23 Is located In the
Adder Attenuator boiit.. The ramleinon capacitors aea chassis mounted comonents.
¶liould mny of the diodes fall In the shorted smi (then fall owe) each of the four
capacitors will be subjected to reverse Current doriNq the neqeative portion of
the cyle for the phase coetalieinq the shorted diode. Per reference 4 these
capacitors are of the T'antalum Sintoerd-sl'aq type. For MIL-STD-lliE. Section W2.
parepqraphi 2.1.? these capacitort ceeroat withstend any reverse solteqe.

POTENTIAL. IMPACT

r~apecitors my fell Immdiately or he dommoed to the extant thet they will fell
later - possibly In 1`l141t. Capaciter CSI faillrer will present AFCS from Weine
.ngeoed. Capacitor CISN or C23 foillre results In the loss of the pitch foadr
effect. capacitor CII feillre results In the loss of both pitch and roll fader effects.

RECOWAIENDATION

Add see additional diode in series with CR50, CR51 and C1152 ab shewn In the
attached fioure.

I I VAC llSVAc lISHAC

EIL P2 RECIIK'

FASLUOP e. CRA0 CR51 CR52FALK11*47 11147 11N147

"V wJILL12 ts

DESIG O NC REI TFd-

R~fUSE5 CCRIT AT

Fi Cr 7.1- nea 6einWocen

7.2 Pyotchi DevicesSO
Thoughsimplein funamenta concet, th1 yeo2prtcncKntao

On aircaftin generl two- bSica in sitigin monethdr reue. Thyae

1Th Elecsicale ignitiondaetlcnet h yeo yoehi ntao

insrumnt2.o Percuginee ignition.h poe eecino niito etotp

and weight-- of explosive charg hosn aeil lcria n ehnclcn



154

The electrically-ignited pyrotechnics fall into two categories: (a) thehot bridgewire type, (b) the explosive bridgewire type.

Percussion-ignited pyrotechnics may be initiated by a mechanical means orfrom a pressure source. In either case, ignition is achieved in the same manner as
that of a rifle cartridge.

Both the electrically-ignited and the percussion-ignited initiators canbe designed to have either instantaneous or time-delay firing characteristics.

7.2.1 Pyrotechnic Terminoloqy

Under the broad category of pyrotechnics, many names are used to describeany given ftmily member. Until there is a standardization of names, it must beunderstood that the names initiator, detonator, device, unit, squib, cartridge, andigniter aie all commonly used to describe the action performed by a pyrotechnic
device.

7.2.2 General Description of Initiators

Most manufacturers make a line of pyrotechnic cartridges with specifiedcharges, sizes, electrical requirements, and actuation times. The standard cartridge
contains a primer that can be electrically detonated plus a main charge set off by
the primer. A standard cartridge is shown in Figure 7.2-1. A typical booster car-tridge is shown in Figure 7.2-2. Notice that the booster cartridge shown is actuallytwo parallel cartridges.

ELECTRICAL ELECTRICAL
CO-NECTI- CONNECTION

BRIDGE WIRE

PRIMER PRIMER

"BOOSTER CHARGE
3RIDGE WIRE SEPARATOR

MAIN CHARGE MAIN CHARGE

RAM -CLOSURESRAAM

Figure 7.2-1. Standard 7.2-2. Typical Booster Cartridge
Pyrotechnic Cartridge.
(Explosive Bridgewire Type)

The first step in sizing the charge is to select an appropriate devicefor your application. Devices &re available in a wide variety of sizes, types, and
materials to accommodate different environmental and actuation requirements. Forcartridges in general, if the required actuation force is less than 250 pounds,strictly explosive actuation will be the least expensive. Over 250 pounds, a combi-nation of explosive and compressed gas is favored. This type of information and itsapplication is best obtained from the manufacturer of pyrotechnic devices. Mostmanufacturers will furnish response curves similar to that shown in Figure 7.2-3.Since actuator response and energy requirements are basic needs these types of de-sign curves are very useful.

7.2.2.1 Hot Bridgewire (HBW) Initiators

The most commonly used electrical initiator is the hot bridqewiretype, HBW (Figure 7.2-4). The entire initiator assembly is enclosed in a housingsimilar in appearance to a typical aircraft electrical connector. The pins arecarried through a ceramic (or glass) seal, and wires are then attached to the pins.The latest state-of-the-art allows the installation of one to four nichrome bridge-wires in a single initiator. However, most initiators use just one or two bridge-
wires.
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20

z 10
w

0
2

2

S

TIME, ms

Figure 7.2-? Typical Actuator Response Time

Recently, requirements have necessitated the development of hot bridge-
wire units which must have the capability of withstanding one ampere for five
minutes and one watt for five minutes without actuation. Prior to this requirement
these devices could be fired with as little as one-quarter ampere current. This
requirement has stemmed primarily from the need to prevent accidental squib igni-
tion from stray EMI sources.

7.2.2.2 Exploding Bridgewire (EBW) Initiators

The typical exploding bridgewire initiator (Figure 7.2-5) is similar in
appearance to the hot bridgewire initiator. One notable difference is a break or
gap existing in one of the pins leading to the bridgewire. Another difference is
that there is no primary explosive material on the bridgewire in this device. The
bridgewire, which is of similar material to that of the hot bridgewire initiator,
uses the rapid fusion of the bridgewire itself in response to the high voltage
input to ignite the explosive material in this initiator. The EBW initiator is
usually somewhat larger than the average hot bridgewire initiator. Due to corona
arcing effect in vacuum conditions and the average voltage input to the EBW initi-
ator of 2,000 to 2,500 volts, the electrical pins in the EBW initiator must of
necessity be farther apart than those in the average hot bridgewire initiator.
Also, the average EBW initiator contains only a single bridgewire.

7.2.2.3 Circuitry Comparison of HBW and the EBW

A comparison of the circuitry required for the EBW and the HBW systems
shows that there is more complexity required in the circuitry for the exploding
Lridgewire. From a low voltage power supply a capacitor portion of the firing unit
is charged to high voltage through the arming circuitry. Although conventional
shielded-wire cable is sometimes used for a firing lead, coaxial cable is recom-
mended and is often used.

Within the present state-of-the-art, there is no clearly defined way of
checking the electrical integrity of the system with the EBW installed. The over-
all system reliability of the EBW initiator is not expected to be equal with that
of the HBW system because of the limited system checkout capability and fewer
redundant bridgewires.

In making a choice between an HBW system and an EBW system, the instru-
mentation engineer should consider the following comparisons.

I
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OT BEIDOEWIRK

PRO CON

1. Highly developed state- 1. Node of failure, after
of-the-art proper checkout, has

been pr--ature firing

2. Provides good checkout

capability 2. Auto ignition at lower
temperatures than most

3. Highly reliable if other pyrotechnics
properly checked out

3. Considered to be sensi-
4. Lightweight tive to radio-frequency

radiation
5. Two to four bridgewires

offer high redundancy 4. Sensitive to electro-
static charges

6. Low in cost

7. Small in size

8. Simple circuitry

SMELL BATTRYSHORT POSITION

r,,s oR O•RTIORE
I~Iw CARTRIDGE

U ~~GLASS OR__I I
CERAMIC SEAL _--EXPtOSV

MATERIAL I
S A L SEOQUENCE SWITCH

SECONDARY
Mq' EXPLOSIVE

MATERIAL

S~FIRE POSITION

Figure 7.2-4 Hot Bridgewire Ir-itiator and circuit.

FXPLODING BRIDGEWIRE

PRO CON

1. Considered to be highly 1. State-of-the-art not
safe from premature highly developed
firing by transients

2. Mode of failure has been
2. Initiator will withstand failure to function

higher temperatures than
the hot bridgewire 3. Complex circuitry
initiator

4. Costly
Z. Less sensitive to elec-

trostatic discharges 5. Lacking in checkout
capability

6. Large size

SE-- rW FIRING UNIT

PYROTECHNIC -

SMELL

SERIES SWITCH

SPARK GAPl j
SI~l RI.WI[ 'FIRING

RESIUIENT
SEAL SIGWR

EXPLOSIVE L T.
GLASS OR MATERIAL STATUS MONITOR

CERAMIC SEALS OUTPr

Figure 7.2-5 Exploding Bridgewire Initiator and Circuit.
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7.2.2.4 Percussion Initiators

Generally the initiator terminates with a powder charge (see Figure 7.2-6).
Ignition is initiated through a percussion cap. Various types of percussion caps
are available. The four iiost commonly used types are the large and small rifle
primers and the large and small pistol primers.

There are two basic methods of igniting a percussion initiator. The most
often used is a striker or firing pin which is backed by a spring. Retraction of
the striker compresses the spring (shown in Figure 7.2-6).

The second method of actuating a percussion initiator is dependent upon
pressure. In this type of actuator the striker is usually fixed within the body of
the initiator at a fixed distance from the percussion cap (see Figure 7.2-6). It is
retained in position by a shear pin.

There is virtually no way to check a percussion initiator prior to firing
that will indicate that the device will indeed work; however, percussion initiators
have reached a high degree of development over the last 100 years, and there is
probably no other item on an aircraft which is made with greater inherent relia-
bility.

SPRING PRIMER SHEAR PIN PRIMER
STIKER CHARGE TO PRESSURE STRIKER C14ARGE

SOURCE

10p

MECHANICALLY ACTUATED PRESSURE ACTUATED

Figure 7.2-6 Typical Percussion Initiator

7.2.3 Connectors and Wiring
All firing leads should be a shielded twisted wire pair or coaxial cable.

The pyrotechnic device is usually supplied with unshielded lead wires unless other-
wise specified. If shielded lead wires are specified, the shield will probably not
be bonded to the device. The manufacturer will usually "float" the shield within
the ceramic potting inside the pyrotechnic device. A continuity check between the
shield and the device will determine whether or not the shield is floating. one of
the two wires should connect one side of the bridgewire to the positive pole on the
pyrotechnic battery, and the other wire should connect the other side of the bridge-
wire to the negative pole on the pyrotechnic battery. Under no circumstances
should one side of the bridgewire be grounded to the aircraft structure in a ground-
return path. Utilization of a ground return circuit subjects the pyrotechnic
system to transients generated by other on-board systems, which may cause premature
firing. The pyrotechnic system, on the other hand, can create momentary high current
drains whichi could affect other aircraft systems. Accordingly, the pyrotechnic
system should operate from its own battery.

Wiring should not be smaller than AN 20 gage because of mechanical
strength considerations. The shield, if grounded to the aircraft airframe, should be
grounded at one end only, and when electrical connectors are required, the shield
should be carried through the connector on one pin of the connector.

Reliable electrical connectors should be used on all pyrotechnic cir-
cuits. These should be of the type that have a positive locking feature. It would
be an advantage to have a minimum number of connectors; however, this is not usu-
ally possible. For the engineer it would be convenient to firmly lock all connect-
ors after the first hook-up and verification. To achieve comparable reliability,
redundant circuits are recommended whenever certain functions must occur. The
redundant circuit should have its own separate battery which is -completely isolated
from the other system. Here again, the use of a separate power source precludes
transient firing of initiators.

In order to protect the power supply for a given pyrotechnic circuit and
to be sure that this power supply is available for subsequent firings, fusets are
required. Fuses, when used, should be of the current-limiting type, because it is
just as important that the initiator not get too high a current as it is important
that it not get too low a current.



158 A matching electrical connector should be mated to the initiator at all
times prior to connecting the initiator to the aircraft subsystem circuitry. The
mating electrical connector should have all bridgewire connecting pins in each
device shorted to one another; this short should then be shorted to the shell of
the connector. This "shorting plug" provides positive protection from inadve*rtent
firing which could be caused by the discharge of static electricity through the hot
bridgewire initiator. Protection aiainst static electrical discharge in the air-
craft is provided by shorting circuitry applied through normally closed contacts
of the firing relay or switch.

7.2.4 Power Sources

The pyrotechnic power source is generally provided from batteries. The
most commonly used battery for aircraft use is the silver-zinc wet cell; however,
the engineer can select any battery type that meets his needs. High voltage bat-
teries are not recommended for hot bridgewire initiators because of the impermanent
make/break activity that can occur after initial firing.

7.2.5 System Design Philosophy

The design of pyrotechnic cabling is essentially the same as for any
other electrical system. There is a wide variety of electrical initiators that can
be used to develop a pyrotechnic subsystem for the manned or unmanned aircraft.
Because these devices may be similar in appearance and because these devices may be
located adjacent to or in close proximity of each other, the engineer must use
careful physical layout design. The engineer must develop an installation that
precludes incorrect mating of adjacent initiator connectors.

The electrical connectors should not interchange with initiators in close
proximity to one another which have different sequencing times. Each initiator
should have its own uniquely different connector indexing, pin size, or number of
pins.

It is very important that in order to decrease the possibility of radi-
ation hazards, the hot bridgewire units utilize shielded wire where the shield is
passed through each connector on one pin in the connector. Again, grounding at one
end only is vitally important.

7.2.6 Pyrotechnic System Checkout

V The hot bridgewire initiator affords the best checkout prior to flight of
any type of pyrotechnic initiator. This observation, although subjective, is based
on experience and opinions of a variety of users.

Resistance readings of all circuits should be documented during buildup
of the pyrotechnic circuitry and should be checked prior to flight at least once
with live pyrotechnic firings. It is important to remember that only a very low
energy checkout galvanometer should be used to check the integrity of the pyro-
technic bridgewire, since a high-energy galvanometer may tend to render the primer
mix inoperative. A vea hi qienergy galvanometer would probably fire the device.
Properly trained per-sonnelTfo-llowing well-written procedures are of utmost import-
ance if the reliability which is desired is to be obtained.

7.2.7 Static Charges and Unexpected Firings

Ink general, manufacturers as well as users have determined by thorough
testing that "no fire" and "sure fire", ignition levels are guaranteed to trigger
the device within the required time interval.

Theoretically, it should be easy to control the firing circuit within the
"no fire" - "sure fire" limits. However, electrostatic discharges and induction
from RF sources can sometimes provide enough energy to set off an initiator.
Unfortunately, even the static generated by human body movement during system
assembly can fire these devices.

The amount of static charge that triggers premature firing can be ltsa
than 1/3,300 of the "sure-fire", ignition level. The physical process that permits
this premature firing on such a small electrical charge is not well understood;
thus, rules for preventing static firing are derived from experience, rather than
theoretical sources.

The recognized acceptable test most commonly used by manufacturers and
systems engineers is to charge a 500 pf capacitor to a level of .02 joule (200,000
ergs) and to discharge it into the cartridge. Unfired cartridges pass the test!

Another electrical hazard is current induced in the firing circuit byI
electromagnetic fields. Nearby radar installations, aircraft transmitters, power
lines, or broadcast transmitters are typical sources. The best way to estimate
induced currents is to perform an on-site measurement of actual el ictromagnetic
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field strength. In most cases, the low frequency end of the spectrum is the most
crucial, but the hiqher frequencies can be important if they are nearby. Proper
circuit shielding and adequate grounding of the vehicle and personnel during system
installation and test will usually eliminate these problems.

7.2.7.1 Radio Frequency (RF) Effects On Electro-Explosive Devices

Electro-explosive devices (ERD) are ignited by an electrical squib or
initiator. The squib usually consists of a small bridge wire (fuse) surrounded by
an explosive compound. The bridge wire is electrically insulated from its metal
case (and ground). The ignition of the explosive material is achieved by passing a
current through the bridgewire; this generates a temperature rise, causing the
explosive material to detonate. This current flow can be induced by stray electro-
magnetic fields. The energy required depends upon the squib characteristics, such
as the type of bridgewire and the explosive's thermal properties.

As noted elsewhere, the most commonly used electrical initiator or squib
is of the bridgewire type. As a result the bulk of the studies relating to EED's
and RF are concerned with this type. This type of EKD contains one or more bridge-
wires connected electrically on the input side to metal pins through which the
electrical firing current originates. The output side of the circuit is connected
mechanically to the explosive material.

Unwanted electrical energy such as RF can also enter on these input pins;
the RF energy may also appear between the pins and the case or between the bridge-
wires in the case of multi-bridgewire squibs. Ref. (69).

7.2.7.2 Pin-To-Pin/Bridgewire Behavior

As a general rule, in the range of 1 to 1000 MHz, the CW-RF sensitivity
of a typical squib in terms of average power is equal to or less than the dc
sensitivity. That is, a 1 watt "no fire" squib would tend to withstand more CW-RF
power than a squib with a "no-fire" of 250 milliwatts. Thus, initiation appears to
be mainly a matter of bridgewire heating.

However, above 1000 MHz the pattern is not the same as that below 1000
MHz. For example, arcing frequently occurs and may exist between the bridgewire
and the case. This mechanism of firing results in a spread in data that limits a
general rule like the one for frequencies below 1000 MHz. Although the rule may
still be applied, it must be done so with the knowledge that a risk factor is in-
volved.

Generally, CW-RF and pulsed RF results are similar, except that arcing is
much more likely due to "thermal stacking" above 1000 MHz. Pulse widths of 1.5 to
3.0 microseconds and pulse repetition rates from 500 to 2000 have not indicated any
large variations in squib sensitivity.

"Thermal stacking" refers to the conditions where the amount of heat in
the bridgewire and its immediate surrounding area has not been completely dissi-
pated by the time the next pulse arrives. The effect then is that successive
pulses cause a heat buildup which can produce detonation or "dudding." "Dudding"
is produced by a decomposition of the explosive material in the immediate vicinityof the bridgewire.

7.2.7.3 Pin-To-Case Behavior

Firing or dudding of EED's in the pin-to-case mode due to CW-RF energy is
generally a function of voltage stresses applied between the pins and the case.
The initiation will occur whenever the pin-to-case impedance is such that large
voltages can be produced with low power levels; this will occur for low values of
conductance. These low values usually occur at frequencies in the vicinity of 1.5
MHz.

Pulsed RF and the pin-to-case combination represent a very sensitive
condition. In addition, the firing sensitivity appears to have no direct relationship
to the dc sensitivity. For example, several 1 amp/l watt devices showed a high
sensitivity to RF pulsed energy. During testing, power levels below 100 milliwatt.
were frequently sufficient to cause initiation.

Probable causes of RF sensitivity are illustrated in the following example.

a. Example one:

Figure 7.2-7 illustrates two cases of bridgewire support. Figure 7.2-7(a)
shows the bridgewire as carried only halfway across the metal support posts, while
Figure 7.2-7(b) shows the bridgewire overhanging the posts. (a) represents an or-
dinary bridgewire configuration. However, (b) illustrates an abnormal condition
which encourages arcing. Careful examination of (b) showed evidence of burn marks
at the ends of the wire and on the inside of the metal case.
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Figure 7.2-7 Overhanging Bridgewire

b. Example two:

Figure 7.2-8 shows metal burrs on the bridgewire posts. Examination
of the posts showed that arcing had occurred between the burro and the case. Micro-
scopic examination of the burrs on the posts indicated that they were the result of
a grinding operation.

METAL CASE • R

BRIDGE WIRE

Figure 7.2-8 Metal Burrs on Bridgewire Posts

c. Example three:

The addition of zirconium or aluminum to the explosive mixture is nor-
mally done to increase the heat transfer characteristics of the EED. These con-
ductive particles (insulated from each other by the mixture) tend to increase the
field intensity within the mixture when pulsed RF energy is present. The overall RF
vulnerability problem is one that not only includes the EED but also the circuits
that are part of the installation. An insensitive rED carelessly handled in an RF
environment or assembled into a poorly-designed circuit may be just as hazardous as
a sensitive EED.

7.2.8 Disposal and Inerting

1. All EED's, unless positively identified as expended or inert, shall be
treated as hazardous and shall be disposed of in accordance with
existing procedures.

2. rED devices rendered non-explosive may be used for mockup, simula-
tion, or similar purposes when marked with the word INERT. In addi-
tion to being marked INERT, when size permits, holes should be
drilled into the device to deface it. Caution: On more than one
occasion the above process of drilling holes has resulted in inad-
vertent firing of END's. DO NOT drill into any EED if there is any
doubt as to its being inerE-.

7.2.9 Pyrotechnic Operations - Safety Checklist

1. Rough handling, exposure to excessive heat, or exposure to high
energy radio, radar, or other RF signals may increase the possi-
bility of inadvertent firing.

2. Pyro devices should be handled or the handling should be supervised
by competent persons who thoroughly understand the hazards and risks
involved.

l~ .1i
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3. All personnel concerned with hazardous ordnance operations should be
F thoroughly briefed concerning the specific hazards involved and

impressed with the fact that their own safety, the safety of
others, and the prevention of material damage depends upon the
intelligence and care exercised by themselves and their fellow
workers.

4. Supervision must insure that only properly trained and qualified
personnel participate in operations or task* involving pyro devices.

5. Personnel in the vicinity of ordnance or operationmi involving ord-
nance must be kept to a minimum.

6. special warning signs should be posted in the vicinity of the work
area to alert personnel that ordnance is present and that only
authorized personnel are allowed in the immediate area.

7. No smoking signs must be posted in each ordnance area. Smoking
shall be permitted only in authorized smoking areas.

8. Personnel should not have matches, lighters, or other flame producing
devices in their possession within the ordnance areas.

9. All personnel handling ordnance items must wear clean, flame re-
tardant non-static-producing coveralls, face shields, and static
electricity ground devices. All other personnel in the ordnance
control area should wear clean, flame retardant, non-static-producing cover-
alls with full-length sleeves and trousers.

10. Flashlights used in ordnance control areas must be of an approved
type.

11. Only conductive/non-static-producing plastic bags or materials will
be used for packaging or in the vicinity of ordnance items.

12. Special care must be exercised to prevent rubbing together, drop-
ping, impacting, or otherwise damaging ordnance items during hand-
ling and/or storage.

13. The number of live ordnance items handled at one time must be kept
to a minimum consistent with efficient operation.

14. Work must not be performed upon ordnance items except in facilities
approved by Safety.

15. EED's will remain in their shipping containers except during actual
installation.

16. Ordnance items not installed must not be left unattended and will
be returned to their proper storage at the end of the operation.

17. Heat-producing devices and/or electric drills/motors should not be
operating within 3 meters (10 feet) of ordnance items except when
approved by Safety.

18. All electrical equipment used to check ordnance must be approved by
Safety.

19. All test equipment used to perform electrical tests will have a
valid calibration seal.

20. Metal shipping containers must be grounded prior to opening the
container.

21. The transportation of pyrotechnic devices must be in accordance
with the proper procedures.

22. No ordnance operations should begin if an electrical storm is within
eight kilometers (5 miles). All ordnance operations in progress
will terminate and all personnel should evacuate to a safe area.
The supervisor in charge will make the announcement and take the
necessary action when notified lightning is within eight kilometers
(5 miles).

23. Pyrotechnic devices must not be left unattended at any time.

24. Grounding devices such as conductive foot covers must be uved by
all personnel handling electrically initiated. ordnance during re-
moval or installation. The grounding devices must ground the
personnel handling the ordnance device to facility ground.



162

7.2.10 Circuit Design Considerations

1. Select standard designs and components of known or proven relia-
bility and safety. Design for interchangeability of similar de-
vices.

2. Avoid situations in which the functional reliability of a device or
system depends upon the selective fit of any or all parts.

3. Solid state devices must never be used in series with EED leads to
control arming or firing. only mechanical devices such as relays or
switches will be utilized.

4. Use a separate power supply for the EED subsystem to provide iso-
lation from all other electrically-powered systems.

5. Use twisted, shielded wire pairs on all EED circuits, and ground the
return side of the circuit only at the power supply.

6. All firing circuit leads must be shielded without discontinuities
to provide a minimum attenuation (as specified by existing stan-
dards). All source circuits must terminate in a female connector.

7. carefully color code and identify all pyrotechnic wiring in such a
manner as to provide visual isolation and recognition.

8. All firing circuit shielding must provide a minimum RFI attenuation
(as specified by existing standards). There must be no gaps or
discontinuities in the shielding inldn the termination at the
rear of the connectors. Individua& -circuit shields contained within
an overal.l shielded cable may be terminated by means of very short
lead wires, not to exceed one inch.

9. Generally the EED is enclosed in a metal housing vhich meets the
atts-nuation requirements called for by existing design standards; in
these situations the wiring shield may be terminated at the EED
conn~ector. There must be 3600 shielding between the shield and the
RED housing.

Caution: In general RED's are supplied with unshielded wire-pairs.
Even though the engineer may spcify "shielded wire pairs" the shield
will probably not be grounded to the EED housing.

10. Shields must never be used as intentional current-carrying conduct-
ors.

11. cables may be fabricated such that several EED circuits are con-
tained within a common shielded cable bundle. There should be no
splices within the cable bundle(s). whenever connecting or dis-
connecting of a circuit is required, a connector will be used in
the design.

12. The RED lead wires should not be routed through any connector which
also contains any power wiring. it is very important that all
firing circuits be physically isolated from any power, control
checkout, monitor, continuity, and non-simultaneous firing circuits.

13. Connector paii-s should be carefully selected and designed so as to
provide non-interchangeability. There should be only one wire per
contact. All connectors should be safety-wired.

14. Minimum wire size of AN 20 gage should be considered on the basis of
physical strength.

15. All EED's must remain electrically shorted until firing.

16. Logic and RED electrical grounding points must be isolated elec-
trically and physically.

17. All power-source negative lines should be returned to vehicle ground
point individually.

18. No flight connectors are to be broken (demated) to perform systems

checkout.

19. manual backup switching must be provided on all crew-safety func-I
tions.

20. Redundant relays should always be mounted in such a manner that the
vibration axis of one relay is orthogonal (900) to the sensitive axis
of the other relay.
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21. Adequate and accessible test points should be provided for checking
all elements and circuits.

22. Provide for sneak-circuit analysis of all firing circuits.

FROM
DROGUE- DROGU-
DEPLOYMENT DLOCUE
MANUAL DEPLOY RELAY

ARROWS SHOW SWITCH •I

SNIEAK-CINCUIT PATH

ACIVTEDROGUE-

SIGNAL I DEPLOYMENT

U 0
i AOS/ I L

POSTULATED FAIL- /• •__ ~OPEN POINT__ .

LOCKUP •/

R M EAYLARS W SROSWITCHI
LOCKUP /
RELAYI

FROM MAIN- DEPLOYMENT RELAY

BAROSWITCHES" 
0Z 

t

MAIN-DEPLOYMENT RING
FROM
MAIN-DEPLOYMENT
MANUAL SWITCH

Figure 7.2-9 Parachute Deployment "Sneak" Circuit
Simplified Drawing

In the above figure if the single ground connection (shown as "postulated
fail-open point") should open, then a sneak circuit would exist that could result
in deploying the drogue and pilot parachutes. This sneak circuit was created when
wiring modifications were made external to an electrical chassis. The modifications
nullified the original design of the chassis and allowed circuit paths to exist
that the original designer had never planned. This example should be sufficient to
point out the need for proper documentation and documentation review.

7.2.11 Documentation

Primary effort should be expended on procedural documentation of pyro-
technic systems. The procedures should provide for inspection and testing upon
delivery/acceptance of the initiator. Procedures should be written which carefully
detail aircraft pyrotechnic firings. Accurate detailed wiring diagrams are a must
so that system discrepancies encountered during testing can be properly identified
and immediately corrected. Any detail that is overlooked in the installation and
checkout procedures could contribute to premature. termination of a mission or
mission failure. Be aware of the total environment in which the system must oper-
ate. For example, RF transmitting systems located along the taxi-way, etc.

7.3 Aircraft Antenna Patterns

The instrumentation engineer usually has responsibility for ensuring
that his airborne data acquipition system delivers data to either an on-board
recording system or to a receiving ground station by use of telemetry. Oftentimes
a combination of both methods is necessary. The use of an on-board recording
system usually does not present any problems; however, an on-board telemetering
system may be a cause for concern. Although the on-board telemetry system may be
well designed, the telemetry transmitter must interface with an antenna mounted
somewhere on the aircraft. The location and radiation pattern of this antenna is
very important because the radiation pattern must be visible to the ground tracking

antenna during all aircraft attitudes.
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The location of an antenna on an aircraft can only be considered adequate
after evaluation of the antenna's radiation patterns. For most circumstances
radiation patterns cannot be performed on the test aircraft As a result, scale
modeling techniques are used to optimize the antenna location and radiation pat-
terns. The net result is that the instrumentation engineer is often presented with
a net of radiation patterns that need his approval. In most cases the instrumen-
tation engineer is unfamiliar with the terminology and does not fully understand how
to interpret the radiation patterns.

7.3.1 The Coordinate System Sao*

The spherical coordinate
sytem is generally used for analy-
sing antenna model radiation pat-
terns. Two angular coordinates
which may be used are shown in
Figure 7.3-1; theme are the phi (4)
coordinate and the theta (6) co-
ordinate. The direction of the
polar axis Z (0 = 00, 1800) of
this coordinate system is chosen
to be whatever is appropriate
for the antenna being evaluated IG,*o* - -oo

and the corresponding conical
pattern is shown in Figure 7.3-
2. A more complete under-
standing of how this coordinate
system is used can be done by
using actual antenna patterns.
Refs. (B12, 70).

9 8180 0

(a) Coordinates 8 and *

Sao* *u00
8.450

410110 I0

89300 *2700*go

(b) Coordinate e (c) Coordinate * .1
Figure 7.3-1 The Spherical Coordinate System
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Z

Figure 7.3-2 Conical Pattern Around the z-Z' Axis.

7.3.2 Milanation of Antenna Patterns

The examples shown utilize the polar chart method of presentation. This
method is generally used when the antenna patterns presented are very broad in
their coverage as is the circumstance for all airc-aft telemetry antennas. Antenna
installations that present a narrow pattern are generally plotted on rectangular
chart paper.

Figure 7.3-3 presents a "side-view" or "pitch-plane" of an antenna radiation
pattern. Notice that the direction of the polar axis Z (6 = O*, 1800) has been
chosen to be horizontal rather than vertical on the polar chart. This location
corresponds with the letter @ as described below.

A universal or standardized polar chart form does not exist and as a
result the instrumentation engineer is confronted with a variety of forms. How-
ever, all polar chart forms m'ist, as a mipimum, present the infotmation shown in
block F ). The information in blocks ®,®and @ must be contained in an
attached data sheet.

Parts of Figure 7.3-3 hive been identified with either a number or a letter.
The numbers are used to assist in pattern correlation (see Figure 7.3.3) and the
letters are used to assist in describing the polar chart as explained below.

As shown in the block panel, the 'X' has indicated that the radi-
ation pattern shown is in the "pitch plane" or, more exactly, the
geometric plane shown in Figure 7.3-1(b).

® The information to be supplied here identifies the type of aircraft,
the antenna location, and model scaling details. The scale model
used for the, 1lar pattern shown is a 1/20 scale X-15A-2. Notice
that block fo)indicates a B-52. Any type aircraft can be used
here. Its sole purpose is to indicate the "plane"' in which the
pattern is made. Frequency is related to wavelength antd the
ratios are directly proportional. The full scale aircraft telemetry
frequency is 281 M~z. In order to maintain scale model/wavelength
relationship the frequency must be increased twentyfold. Thus 281
MHz x 20 = 5620 M4Hz or 5.62 G~z, the scale model test frequen'cy
used. The large areas of metal that form airplane surfaces are
essentially perfect reflectors for RF waves at all frequencies, so
that if a good conductor such as copper is used in the model, sca-
ling errors will be negligible. However, keep in mind that modern
day aircraft and remotely piloted vehicles use surface materials
such as Fiberglas and other composites. These variations in con-
ductive skin surfaces must be taken into consideration.

©The amplitude patterns of an antenna are usually plotted
in terms of voltage (electrical field intensity), although
power is sometimes used. An alternate form employs
decibels; this is particularly useful for presenting
patterns with minor lobes and nulls. When decibels are
used the major lobes are usually narrow, and, as stated
earlier, plotted on rectangular charts.



166

-.., ___o________ ,
mTtwk TYP COM4UNICATIý4S,O • r.OC~" 7F, DORSAL FIN W

PUAC M CL 281 MOiz .5 .62 GUz
THIS PATTEN -C9No iN PLAMs ,ug O "OOOiL 200,", COPPER

IE

D7

X-15A-2 WITHOUT VARmAO, &-SL, 0 C 1, 0 (X
ETERNAL FUEL TAMS CONSTANT ANLE -- 9_ :

0 0 ®.OLARZATIOm sE2( ),Ee (X) ,
*PA .ATOD E _ _ _0 X wen""" AN. B 2 VITIOCAg. &ROLE

APPDOVED .ATE CURVI PLOTTED IN: VOLTA44 IX 4W Pftn 1 1. OICIUMI:

Figure 7.3-3 Polar Recording Chart

The standard reference antenna is usually an isotrope or
in some cases a half-wave dipole. Using the isotrope as
the standard, its gain is considered to be unity and its
radiation is uniform in all directions. By definition,
antenna gain is expressed in terms of power ratio, which
is equal to the square of the gain in terms of field
strength ratio. Thus, gain (G) may be expressed as a
power or voltage ratio or in decibels.

Gain as a power ratio: .

dB 10 log G (power) Eq. (7.3-1)
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Gain as a voltage ratio:

dB = 20 log G (voltage) Eq. (7.3-2)

The d3 gain is the same whether it is based on power or
voltage ratios. A half-wave dipole has a power gain of
1.64 and a voltage gain of 1.28 relative to an isotropic
antenna. Expreseed in decibels the gain is 2.15. In the example
shown in Figure 7.3-3 the lain of the isotrope is unity or 0 dB.
In its proper form, the gain of an entenna must be stated
in reference to the tested procedurt. For example, a typical
anteina may have a gain of ý.0 MLi as referenced to an isotropic
antenna or only 3.85 dB as referenced to a half-wave dipole.

© & ® Whe:.e tranamitting antennau are concerned, the importance of
field intensity must not be overlooked. The scale, mv/meter at
1 mile for 1 watt is standard and can be correlated with decibels
as follows;

Isotropic rad.atGZ (a radiator that radiates energy uniformly in all
directioDs):

The power density P at a point due to the
power Wt radiated by an isotropic radiator is

Wt
P -- watts/Peter 2  Eq. (7.3-3)

4nR2

vhere R = distance in meters

t= power transmitted in watts

The electrical-field inteasity E in volt,/meter and power density P in

watts/meter" at eny point are related by

P = E2  
Eq. (7.3-4)

126n
where 120n is known au the impedance of free space.

From Eq. (7.3-3) and Eq. (7v3-4)
1

(30 w .)2

E = (3 W volts/meter Eq. (7.3-5)

if R = 5,280 ft/statute mile thus R = 1609 metersthen
1

E = 3.4 (my/meter)l Eq. (7.3-6)

Relating the isotropic reference antenna field
intensity to dB:

1

E = 3.4 (W )2

E2 = 11.56 Wt

then Wt = 0.0865 E2  Eq. (7.3-7)

taking logarithms of both sides

-2
10 log Wt 1 10 log 8.65 x 10 + 20 log E

= .J log 8.65 - 20 dB + 20 log E

= 9.37 dB- 20 dB + 20 log E

10 log Wt _ 9.37 dB + 20 dB
log E = 20

if Wt = 1 then 10 log Wt = .co.

-l 10.63 -l dB
E = log --- log 0.5315 "q. (7.3-8)L = 3.4 mv/iheter at I mile for 1 watt
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The isotropic circle (shown in dotted lines) will thercfcre 'vntorsect both 3.4
mv/meter/watt at 1 mile and 0 dB. A 4 dB circle intersects 5.4 mv/meter/w at
1 mile, and so forth. (See Figure 7.3-3).

@ This blocked area contains all the information required to identify
the radiation pattern. The variable angle marked 0 indicates that
the radiation pattern is in the vertical plane. This is verified by
the constant angle # marked as zero. Refer to Figure 7.3-1(b) and (c).
The aircraft model was rotated through a full 3600 or 0 values of
zero to 1800 then continuing around from 1800 back to zero. Notice
that the value of 6 = 00 is the top of the aircraft in both Figure
7.3-1 and Figure 7.3-3. This standardized notation will always permit
proper user orientation. During the model rotation the horizontal
plane *remained fixed or constant.

The properties of a wave propagating in free space may be obtained
through the use of Maxwell's equations, which iftated in vector form
in mice units is expressed as follows (see Figure 7.3-4):
H, the magnetic field intensity,
amperes/ meter; E the electric
field intensity in volts/meter.
E and H are mutually perpendic-
ular and can be rotated as re-
quired. For example, E lies
in the Y axis plane. H lies
in the Z axis plane and is
propagated along the X axis.
It logically follows then
that if E was chosen to
represent antenna polarity
then a vertically polarized
antenna would have E in the
Y plane. If we rotate E and
H 900 then E lies in the Z
plane and H lies in the Y
plane. An antenna that ZH
radiates E in the Z plane
is then referred to as hori-
zontally polarized. Refer-
ring to block (? and Figure Figure 7.3-4 Sinusoidal Propagation
7.3-1(b) and (c), E# is no-
tation for horizontal polarity and Ee is notation for vertical po-
.larity. since E is defined as volts/meter then it follows that the
isotropic level @ is shown as millivolts/meter.

© This block is generally used to identify the aircraft and its con-
figuration. This information is important because antenna tests are
usually representative of a basic aircraft in flight configuration.
Changes to the basic aircraft must be noted, Changes such as land-
ing gears extended, external stores mounted on the fuselage or
wings can alter the basic antenna pattern. Military aircraft may
have dozens of external configurations and additional antenna studies
are required to determine the effect on the basic radiated pattern.
An engineer who has spent months optimizing an antenna installation
on a basic aircraft is justified in being disappointed when external
stores are added to the aircraft later on. The operator's name and
date as well as approval is optional and required only for internal
control.

7.3.3 Pattern Correlation

The antenna patterns shown in Figure 7.3-3 and Figure 7.3-6 will be corre-
lated first. Figure 7.3-3 is the "pitch-plane" radiation pattern discussed earlier
and is fully contained within the aircraft's longitudinal 8 coordinate. Figure 7.3-6
is a conical pattern as identified by # as the variable angle and 0 700 as the
constant angle. Since the conical radiation pattern lies within the *coordinate,
only two points can intersect. These are shown as (© and cI~,~ and
The 'radiation pattern values for points ©1 and (I should be the same value and

thyare. Comparing points (2 and (ýD shows that they are very close to the same
value. All the conical patterns can be correlated with this pitch radiation pat-
tern in this manner. Pairs of points should compare to within a tolerance of +2
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Figure 7.3-5 Polar Recording Chart

The next two radiation patterns to be correlated are Figure 7.3-5 and Figure
* 7.3-7. Figure 7.3-5 is a tail-on view of thm aircraft radiation pattern

and is fully contained within the 8 coordinate perpendicular to the pitch plane e
* coordinate. Figure 7.3-7 ikL a conical pattern existing at e = 900. The radiation

pattern valaes for points ()jd (A) should be the same and they are well within
the +1 dB tolerance. Points (4 and (jý) should be the same value and they are.

Further pattern correlation ca~n be achieved with Figure 7.3-3 and Figure 7.3-7.
These two patterns intjraect at the n me (0 = 900, OR= ) and the tail (a = 500.

1800). The points 9~ and (),63and ID) compare very well.

one final pattern correlation can be done with Figure 7.3-5 and Figure 7.3-6.7
Fi re 7 3-6 is the 700 cnical pattern and initersects Figure 7.3-5 at e = 700. Thee
earlier.0 and (ý and ST and (ýR compare within the +2 d3 tolerance established.
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Figure 7.3-6 Polar Recording Chart

Pattern correlation serves two purposes: First, the correlation provides
a three dimensional view of the radiation pattern. With a little experience these
patterns can be mentally visualized and used to eval ate antena radiation cover-
age. Second, the comparison of point pairs (e.g., il and * ) provides a check
on the precision of how the patterns were made. If these point-pairs did not match
within +2 dB it must be assumed that the test procedure or the equipment was
faulty. Careful, continual system calibrations are necessary.

7.3.4 Quantitative Use of Pattern Data

The following example developed from data taken from Figure 7.3-3 illustrates
the usefulness of presenting calibrated antenna patterns on polar chart paper.
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Figure 7.3-7 Polar Recording Chart

The field strength incident to the receiving site is found from:

E (Polar chart value) x 10-3 Eq. (7.3-9)

where

E = Field intensity at receiving site

(mv/meter/watt at 1 mile)

Wt = Radiated power in watts

R = Range in statute miles

The actual value of Wt should include mismatch and transmission line
"losses
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From basic antenna theory, combine:

A Eq. (7.3-10)
=2

P= Eq. (7.3-11)

A2 G
A EJ gq. (7.3-12)

To obtain:
X2G Wr 120n
4n = =E" Eq. (7.3-13)

where

P = Power density in the incident wave

X =Wavelength in meters

G = Receiving antenna gain

Wr = Power delivered to matched load by receiving antenna

Assuming that both antenna and the load impedances are 50 ohms:

Wr v2r 5-6Eq. (7.3-14)

where V = voltage at the receiver antenna terminals. From Eq. 7.3-13
and Eq. 7.3-14 we obtain:

V = ( -) Eq. (7.3-15)

As an example:

Wt = 30 watts

R = 100 statute miles

G = 18 dB (Power ratio = 63), receiver antenna gain

F = 281 MHz, X = 1.07 meters

The value of field intensity from Figure 7.3-3 (at point (J the mv/meter
value at e = 700 off the nose) is 7.6 mv/meter.

(7.6) x 10-3 Eq. (7.3-16)
100 1

- 0.416 x 10-3 v/meter

V (107)(.416x 10-3 I6:
From Eq. (7.3-15)

= 363 p volts = - 55.8 dBm

The advantages of the quantitative pattern technique can be further
illustrated by evaluating the -55.8 d~e signal level derived from Eq. (7.3-15).
For example: A -55.8 dBm when compared to a threshold receiver sensitivity of -90
dOn results in a signal strength margin of 34.2 dB. This wculd indicate that nulls
of 10 dB would still leave a usable margin oZ 24.2 dB signal strength that can be
applied to path loss considerations.

Another factor often overlooked is the transmitter power output. It is
interesting to note that doubling the transmitter power output is only an advantage
of 3 dB. Obviously, this will not compensate for a .0 dB null. However, receiver
antenna gain, receiver sensitivity and receiver pro-amps will providi a much better
opportunity for obtaining dD gain advantages.
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7.3.5 Reciprocity of Radiation Patterns

Instrumentation engineers who review antenna patterns often notice that
the polar charts are not labeled ts transmit or receive radiation patterns. This
in not necessar because of the reciprocity theorem that states "The radiation
pattern* of ariven antenna are the same whether the antenna is used for radiation
or reception." Ref. (B13).

The antenna reciprocity theorem is an extension of the recriprocal rela-
tions defined in circuit theory as proved by Kirchoff. in using the reciprocity
theorem for antennas and propagation studies it is assumed that the network ele-
ments and the propagation media undergo no change with time.

7.4 Lightning and Static Electricity

The early wooden-structured aircraft with metal control cables and strut
wires were not capable of conducting lightning strike current; as a result parts of
the aircraft oitentimes caught fire or exploded. Even if the aircraft was not
severely damaged, the pilots were frequently shocked or burned. In some cases the
fuel tanks caught fire and exploded. These effects, aided by severe air turbulence
and wet weather, quickly taught pilots to stay clear of any areas that even hinted
of stormy weather. Ref. (B14).

with the development of metal-skinned aircraft and later on all metal
aircraft, the hazardous results of lightning strikes were greatly minimized.
However, thunderstorm areas are even today treated with a great deal of respect.
in terms of lightning strike damage, the most common referenced are aircraft struc-
tural damage. In recent years, however, the trend of thinking is also concerned
with secondary or indirect effects. Even though the aircraft's metallic structure
provides a high degree of shielding, some of the fields penetrate through windows
or other non-conducting materials and induce transient voltage surges in the air-
craft's electrical wiring causing systems failures.

Another factor to be considered near thunderstorm activity (and the most
common) is precipitation static. if an aircraft is flying through dry preci-
pitation in the form of sleet, hail, or snow, the impact of these particles on the
aircraft will cause a phenomenon known as triboelectric charging, commonly called
precipitation static or P-static. This process generates interference or static in
the aircraft communications and low-frequency automatic direction finding (ADF)
system. The results of P-static discharges from the vicinity of sharp extremities
on the aircraft produce a visible glow or corona called St. Elmo's fire.

7.4.1 Lightnina

The primary or direct effects of lightning generally affect the entire
metal aircraft structure, the outer aircraft skin as well as the internal metal
framework. Because the lightning currents must flow between an entry and exit
points the currents tend to spread out using the entire airframe as a conductor.
As a result, physical damage will often occur at a point where poor electrical
bonding exists and/or at the entrance or exit ooints. If sufficient currents, for
example, converge at an exit point, the concentration of magnetic forces and re-
sistive heating can cause damage.

Early aircraft designs using wood and fabric construction would have no
dcuibt suffered high statistical damage rates if it had not been for the sincere
redpect for adverse weather conditions. But the development of the aluminum skinned
and structured aircraft permitted flying in and near adverse weather. Because
aluminum is a good conductor catastrophic damage from lightning strikes was rare.
However, today the trend is a~qain toward the use of non-metallic materials in
aircraft construction. Materials such as fiber-reinforced plastic and resinous
honeycomb offer advantages in cost and weight. Their use is understandable but
these materials have begun to appear at the aircraft extremities where the struc-
tural loads are minimal and the lightning strikes are most apt to occur! Typical
areas include the nose, wingtips, access doors, horizontal stabilizer tips and
rudder tips.

During the last two decades or so it has become increasingly apparent
that the direct effects of lightning strikes to aircraft may indirectly cause
electronic equipment failure. The indirect effects are caused by the electro-
magnetic fields associated with the lightning current flowing throuigh the aircraft.

7.4.1.1 indirect Effects

As lightning current flows through an aircraft it produces matrong mag-
netic fields which surround the conducting aircraft and change rapidly in accord-
ance with the fast changing lightning-stroke current. Some of this magnetic fluxI
will find its way into the aircraft. As a result, these internal fields pass
through aircraft elec'tical circuits and the voltage induced is proportional to the
rate of change of the aagnetic field. These magnetically-induced voltages may



174

appear between bath wires of a two-wire circuit or between either wire and the
airframe. Until the development of solid-state circuitry and its application to
aircraft electronics the indirect effects from lightning did not warrant much
attention. However, lightning str-' ýe reports (civil and military) are showing
incidents of avionics damage without evidence of any direct attachment of the
lightning flash to the electrical systems.

Table 7.4-1 Evidence of Indirect Effects
in Commercial Aircraft (214 Strikes)
Refs. (B14)(71).

SYSTEM AFFECTED INTERFERENCE OUTAGE

HF communications -- 5
VHF communications 27 3
VOR receiver 5 2

Compass (all types) 22 9
Marker beacon -- 2
Weather radar 3 2
Instrument Landing System 6
Automatic Direction Finder 6 7
Radar altimeter 6
Fuel flow gage 2
Fuel quantity gage -- 1
Engine rpm gage -- 4
Engine exhaust gas temperature -- 2
Static air temperature gage 1
Windshield heater -- 2
Flight director computer 1
Navigation light -- 1
ac generator tripoff (6 instances

of tripoff)
Autopilot 1

Table 7.4-1 is a compilation of the indirect effects of 214 lightning-strike incident
reports from commercial sources. While outages occur in only a small percentage of
all incidents, the systems affected indicate potential problems that are slowly
developing due to the following:

0 Increased use of non-metallic aircraft skin.

o Increased use of solid-state electronics.

0 An increasing dependence on electronics to perform flight-critical
functions.

Typical examples are not difficult to find. Probably the best example of
dependent solid-state electronics is the digital-fly-by-wire control system that is
rapidly being adopted in military aircraft.

7.4.1.2 Desiqn Goals For The Instrumentation Engineer

1. Install thu instrumentation wiring and hardware in such a manner as
.o 1iýrevent the indirect effects from damaging either the instrumen-

tation system or the aircraft system. It is very inaportant that the
aircraft system is not compromised during the installation of the
instrumentation system.

2. Review the instrumentation system installation to be certain that
the safety of the aircraft and crew has not been reduced due to the
instrumentation system installation.

3. When possible, select or design electronic equipments that can
tolerate input/output transients on power and information circuits.

4. Review the trade-off. that must be made between the cost of pro-
viding item #3 and the cost of shielding equipments and wiring.

5. The instrumentation engineer must take advantage of the inherent
aircraft shielding. Avoid areas where equipment and wiring are
exposed to the lightning-generated EMF.

6. If the aircraft is to be subjected to lightning strokes (and preci-
pitation static), physically inspect the aircraft for an up-dated
systems approach to lightning and precipitation static control.
Spend some time with an operations engineer and be certain that the
aircraft workbook reflects all E.O.'s (Engineering Orders) pertain-
ing to lightning and precipitation static protection.
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7.4.1.2.1 Location of Equipment

it in readily recognized that the instrumentation engineer may not have
such of a choice of where he can install his system. Yet, the use of existin
areas can often be optimized. For example, the indirect effects can be minimzed
by locating electronic equipments in areas where the EMP produced by lightning
currents are lowest. Since the most important type of outside-to-inside coupling
is through apertures it follows that equipments should be an far away from these
apertures as possible. The ideal location is a shielded compartment toward the
center of the aircraft away from extremities and outer skin.

7.4.1.2.2 Lightning Protected Access Doors

The need to provide a liquid seal around access doors has led to the use
of various gaskets and seals between the door and its mating surface. Most of
these seals have little or nc electrical conductivity, leaving the metallic fas-

tions will be offered that, when properly used, will successfully prevent sparking
when hit by lightning. The modifications to be made to the access doors are quite
easy to do:

1. Remove phenolic and anodized coatings from the clamp ring.

2. Remove anodized coating from mating surfaces of the access door.

3. Sealiiag the access door to the surrounding skin frame with conduc-
tive grease consisting of 35% by weight of aluminum powder and 65% by
weight of Aeroshell (or equivalent) 14 grease.

A typical door modified as suggested above had 23 bolts, whereas other
doors having over 40 bolts have resisted sparking even with zinc chromate on the
mating surfaces.

The importance of adequate electrical conductivity between access doors
and their surroundings cannot be overemphasized, particularly if the access doors
constitute a large part of the aircraft skin.

7.4.1.2.3 Location of wiring

When an aircraft is struck by 1,.ghtning it is forced to assume the elec-
tric field potential of the lightning flash at that point. The electric field
strength will be greatest about points of small radius of curvature, nose radomes

9 for example. Ref. (B14).

wiring should be located away from apertures and away from regions where
the radius of curvatures are small. The best locations for wiring is close to a
ground plane or structural member.

some basic principles to a
follow are (see Figure 7.4-1):

1. Maintain all wiringK
close to a metallic ground plane.
This procedure minimizes the amount
of flux that can pass between the
ground plane and the wiring.
(Figure 7.4-1(a)).

2. Magnetic fields 4
ire concentrated around pro-
truding structural members and(b
diverge in inside corners. iIM
Therefore, place wiring in
the base corners instead of
on top (Figure 7.4-1(b). W5

3. Magnetic
fields will be weaker on the
interior of a U-shaped channel
than on its edges (see Figure 7.4-1 g
(c).

4. Magnetic fields
will be lowest inside a metal

conduit (see Figure 7.4-1(d).

Figure 7.4-1 Flux Linkages vs ConductorIPosition. Ref. (B14).
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7.4.1.2.4 Use of Shielding

Shielding wires and cables against magnetic fields that have been created
by lightning requires the shield to be grounded at both ends so that the shield can
carry a circulating current. It is this circulating current that cancels the
magnetic fields that produce common-mode voltages. The term common-mode voltage in
this application refers to the magnetically-induced voltage* appearing between a
mingle conductor and the airframe or conductive skin.

The requirement that a shield intended for protection against lightning
effects be grounded at both ends raises the discussion of single versus multipoint
grounding of circuits. In general, low-level circuits need to be shielded against
low frequency interference and shields intended for this purpose are grounded at
only one end. Often overlooked is that the physical length of such shields must be
short as compared to the wavelength of interfering signals. Lightning-produced
interference, however, is usually broad band and include frequencies much higher
than those typically considered for low-frequency shieldý. As a result the needs
for both cannot easily be met by the use of one shield system.

Both requirements are usually met by having one shield system to protect
against low-frequency interference and a second overall shield system to protect
aircraft circuits are independently routed with their own shields and grounding

It lgicllyfolowstha grundng othends can be improved upon by
groudin th sheldat ultile id-oins. ostlikely the cable will be exposed

to a significant amount of magnetic field only at small sections of its total
length; thus, the multiple grounding will tend to isolate the circulating currents
in only those cable sections affected. Multiple grounds should be carefully planned
because it is theoretically possible to sustain standing waves. Therefore, staggered
non-uniform spacing of multiple ground points is suggested.

Figure 7.4-2 shows four methods of grounding the overall shield. The best
performance is obtained with the 3600 connector. The shield makes a 3600 circum-
ferential connection to the back shell of the connector (see Figure 7.4-2(b)).

At connectors or junction boxes it is often necessary to group shield
grounds together at one point. This practice is difficult and complicated when the
same shields are used to prevent lightning strike effects and to protect sensitive
circuits as well as trying to prevent cabling radiation interference. In order to
reduce these problems remember to group the wiring according to category I-IV
guidelines. The groundings must be carefully controlled if overall shields are to
be used in addition.

OVERLL sttIELOWoAS)

INNER SHIELD

IXTEICASE ......LL

(b)(SESTT)1

OAS

OAS

Figure 7.4-2 rypes of Grounding for Shields; (Protection From
Lightning Hazards). Ref. (614).
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The solid shield provides better shielding than a braided shield, and a
spiral-wrapped shield can be far inferior to a braided shield. For severe environ-
ments braided shields using two overlapping courses of braid may provide shielding
performance equivalent to a solid shield.

Conduits may or may not provide electromagnetic shielding. Oftentimes
conduits in aircraft are used more for mechanical protection of conductors. Con-
duits must be electrically grounded to the airframe structure to be of any use for
shielding. For example, conduits used for mechanical protection are often mounted
in clamps that use rubber gaskets to prevent mechanical vibration and wear. Such
clamps electrically isolate the conduit from aircraft ground.

7.4.1.2.5 Length of Shield Ground Termination Leads

Shields are normally difficult to ground because the length of the ter-
mination ground lead tends to be excessive. The reactance of a short, straight
termination ground lead is so low at low frequencies (audio range) that it is of no
concern. This in particularly true if the diameter of the wire is relatively large
so that the ratio of length to diameter is small. But, the effect of this induct-
ance becomes important at higher frequencies. For signals in the audio range,
shield-ground lead wires should not exceed 2.5 to 5.0 centimeters (1 to 2 inches).

The practice of grounding an overall shield to the inside surface of an
equipment case through a set of connector contacts and a lead wire is less effective
than the use of an external lead wire because of the longer length and because the
internal method brings the currents directly into the inside of the junction box.
Such grounding of an overall shield should be avoided and in no case should an
overall shield be connected to a signal ground bus.

7.4.1.2.6 Improvement Through Circuit Design

The studies of the various types of interference produced in an aircraft
by the flow of lightning current have shown that oscillatory frequencies are often
excited on aircraft wiring, particularly if a single point ground system is used.
The frequencies tend to be in the several hundred kilohertz range to a few mega-
hertz. When possible, the pass bands of electronic equipments should not include
these frequencies.

Basic considerations concerning circuit design and sensor transmission
constitute the majority of the instrumentation engineer's problems. Above all,
signal circuits should avoid the use of the aircraft structure as a return path.
If the structure is used as a return, the resistively-generated voltage drops will
be included in the signal path. However, s~ensor signal transmission over a twisted-
pair circuit with signal grounds isolated from aircraft structure will tend to
couple lower voltages in the signal path.

7.4.2 Precipitation Static

An aircraft flying through dry precipitation in the form of sleet, hail,
ice crystals or even dust or sand will absorb a charge from these particles as they
impact the aircraft. Viewed as electrostatics, the aircraft in flight is a capaci-
tor with the surrounding space as the other electrode. The impacting particles
deposit a net charge on the aircraft due to the frictional charging (triboelectric
effect).

7.4.2.1 Discharge Characteristics

The capacitance of a large aircraft (Boeing 707) in flight is around 1000
picofarards and the potential difference between the aircraft and surrounding space
rapidly approaches several hundred thousand volts. These large potentials create
very intense electric fields around the aircraft particularly at the trailing edges
of the airfoil surfaces and at the tip of any metallic projection such as an anten-
na. When these field gradients reach a critical level, about 7.5 Kvolt/ceritimeter
(19.1 Kvolt/inch) at 11 kilometers (36,000 feet), the surrounding air is ionized
and a corona discharge occurs. The discharge is in the form of a train of pulses
with very short rise times (0.01 microsecond) followed by an exponential decay. A
similar phenomenon can occur in clear air, when the aircraft develops a net charge
due to ion transport in the engine exhaust. However, engine charging currents are
small as compared to heavy triboelectric charging.

Three types of ionization of the surrounding air can occur when an air-
craft is charged by precipitation: Refs. (72, 73).

1. Corona Breakdown - Corona discharges occur at the sharp extremities
of the airframe where the radius of curvature is very small. The
amplitude of the individual corona pulses are proportional to the
altitude and to the radius of curvature of the discharge point. The
corona discharge pulses occur as a regularly spaced pulse train.
The pulse repetition frequency of the corona pulse train is pro-
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portional to the dc discharge current.
Note that the family of curves (Figure 7.4-3) are altitu"e dpeadmmt,
relatively flat below about 1 M•z and then decrease at 6 B/OrtAVe
above 3 Nz-.

2. Streamering - This phenomenon occurs between bound chare Geyloped
on dielectric surfaces, such as radomes end windows, and the sur-

rounding metallic portions of the aircraft.
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Figure 7.4-3 Normalized Noise Spectrum from Trailing Edge. Ref. (72).

Streamering is triboelectric in origin and is not caused by engine
charging. Streamering amplitudes are large and their occurrence is
irregular, and, unlike corona discharges, the noise spectrum is also
irregular. Streamering is controlled by conducting surface coatings
rather than by use of P-static dischargers.

3. Sparking - This third and final phenomenon occurs between two metal-
lic surfaces that are dc isolated and are triboelectrically charged
to different potentials because of their size differences. Examples
are external antennas and lightning diverter strips. The spark
occurs when the dielectric strength of the insulation is exceeded.
The sparks consist of very sharp pulses with a "white-noise" spec-
trum. Most of the P-static observed at VHF communications fre-
quencies is due to sparking. Sparking is controlled by dc bonding
and not by dischargers.

All three types of noise can be present under natural triboelectric

charging conditions.

7.4.2.2 The Role of the Instrumentation Engineer

So far the basics of precipitation static appear to be only academic with
little or no relevance to the instrumentation engineer; indeed, this may be so.
However, in some circumstances, the instrumentation engineer may have responsi-
bility for evaluating navigation systems and their antennas. For these circum-
stances the effects of P-static is very important.

The noise that is present in the absence of corona discharge depends on
the receiving system considered. Ignoring man-made noise, it is always atmospheric
noise for LF and MF radios (eg., ADF, Loran C/D and Decca), always internal circuit
noise for VHF (eg., VOR and VHF come), and atmospheric or internal circuit noise
fer HF receivers.

7.4.2.2.1 Effects of P-Static on Navigation Subsystems

Precipitation static can cause a deviation indicator, VHF Omnirange
(VOR), Localizer (LOC), and Glide Slope (GS) equipment to present false indication
without showing a warning flag. P-static induces course errors in VOR receivers
and causes misalignment in LOC and GS receivers. These effects have been demon-
strated on all navigation equipment tested to date. The problem is apparently
caused by shock excitation of the receiver tuned circuits.
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7.4.2.2.2 Antenna Factors

Exposed metal antenna components should be insulated with polyethylene or
some other suitable material so that they do not come in contact with charged
airborne particles. An insulated antenna also prevents a corona discharge directly
from the antenna.

Since static charges concentrate at areas of small radii antennas should
be installed as far away from these areas as possible. For example: A fin cap
located Loran C/D antenna is particularly vulnerable to coronda noise. However, a
belly mounted installation that uses the ADF sense antenna (with a suitable multi-
coupler) is far less vulnerable to P-static.

7.4.2.2.3 Static Discharges

The static discharge phenomenon can be controlLed by use of a specially
designed electrostatic discharger, Figure 7.4-4. Refs. (74, 75).

MARKING REPLACEABLE BODYAN TIP ASSE-BLY

BRACKET MOUNT(AL)

PIN(DISCI4ARGING TIP-1/

Figure 7.4-4 Typical Null Field Type Electrostatic Discharger

Present day electrostatic dischargers permit a satisfactory solution to
the P-static problem. They have no effect on the lightning problem and will neither
attract nor divert lightning strikes.

There are basically two types of static dischargers: active and passive.

1. The active discharger utilizes circuitry to reduce the static charge
on an aerospace vehicle. One type uses the thermionic emission
principle to "boil" off excess electrons. Being independent of
airflow, this type is adaptable to space vehicles.

2. Figure 7.4-4 represents the passive type of discharger most commonly
used on jet aircraft. In the past, static discharge wicks were used
to reduce the charge on the aircraft. However, because of the high
speeds of modern jet aircraft and the fact that they are powered
by jet engines which tend to increase static charges, it became nec-
essary to develop static-discharge devices that were more effective
than the wicks formerly used. This new type (Figure 7.4-4) is called
a Null Field Discharger and was developed by Granger Associates,
Ref. (75). They produce a discharge field which has minimum coup-
ling with radio antennas. Ref. (B15).

7.4.2.2.4 The Design of a P-Static Prctection System

Fortunately, several aircraft of varying size have been successfully
protected by discharger installations and it is these aircraft that can be used as
a basis for similar system designs. Thus, in actual practice the aircraft engineer
is more concerned with specific discharger design, the number of dischargers and
their location. Most of these decisions can be approached by using well-developed
scaling rules.

Dischargers should be located at o:. near the maximum field concentration
points to insure that corona discharges will always occur through the discharger
and not from some cther airframe location. Because of mutual shielding, wing
located dischargers need not be closer than about 30 centimetere (12 inches) and
except for the wingtip dischargers 60 centimeters (24 inches) is typical.
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The tip dischargers serve a particular purpose. At this point localized
low pressures associated with the tip vortex reoult in unusually high discharge
currents when the breakdown field concentration is exceeded. The tip dischargers
control the noise from this discharge and position the ion cloud which trails aft
from it so as to provide a "space-charge shield" around the critical airfoil tip
extremity. Probe-type HF antennas are vulnerable to corona and special high den-
sity dischargers must be installed at these extremities.

It may be of assistance to recognize conventional discharger installa-
tions. Typical large aircraft shapes will use dischargers at the trailing wing
tips, the trailing tip of the vertical fin and the trailing tips of the horizontal
stabilizer whether it is conventional or a "T" tail.

7.4.2.2.5 Aircraft Inspection

The average flight test operations engineer usually knows very little
about the types of P-static unless he is accurtomed to flying in that type environ-
sent. As a result, noise that appears in the comunications and navigation systems
is usually brought to the attention of the instrumentation engineer. General
knowledge concerning P-static can be very useful at a time like this and can often-
times point to an aircraft with deficient P-static dischargers or none at all.

II
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This AGARDotraph is the 13th of the AGARD Flight Test Instrumentation Series and
outlines some of the factors that influence the development of an instrumentation system
installation. The volume was not written with the intention of being a design handbook and
therefore the guidelines presented are in most cases given as suggestions.
The material is presented in a progressive manner starting with a review of the mission profile
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"system safety.
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